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1.  Introduction 


Recent  models  predict  that  stratospheric  ozone  concentrations  in  the  exhaust  of  solid  rocket  motors 
are  depressed  by  after-burning  HCI  [Danilin,  1 993;  Kruger,  1 994;  Zittel,  1 994;  Denison  et  al,  1 994; 
Ross,  1996;  Brady  et  al.,  1997].  This  prediction  instigated  a  number  of  measurements  [Hanning-Lee, 
et  al. ,  1 996;  Dao  et  al.,  1997;  Ross  et  al.,  1 997 ;  Molina  et  al.,  1 997 ;  Belting,  1997a;  Burke  and  Zittel, 
1998;  Ross  et  al.,  1999].  A  recent  bibliography  on  the  environmental  impacts  of  launch  vehicles  is 
available  [Cocchiaro,  1998].  Ross  et  al.  [1997]  verified  ozone  depletion  in  the  exhaust  of  two  Titan 
IV  rockets  in  the  lower  stratosphere.  This  local  depletion  could  be  significant  (>50%)  even  two  hours 
after  launch.  In  all  models  of  this  phenomenon,  the  size  and  persistence  of  the  predicted  reduced 
ozone  concentrations  are  sensitive  functions  of  the  plume  dispersion  rate.  Unfortunately,  measure¬ 
ments  of  this  rate  were  nearly  nonexistent.  The  total  observational  database  consists  of  a  Titan  III 
plume  expansion  rate  taken  from  photographic  images  measured  more  than  20  years  ago  at  an  alti¬ 
tude  of  1 8  km  [Hoshizaki,  1975]  and  two  recently  reported  measurements  made  in  this  series  of 
plumes  at  30  km  [Belting  &  Klingberg,  \991;  Belting,  \997a].  These  previous  measurements  were 
of  short  duration  (~10  min)  and  at  a  single  altitude. 

In  this  report,  data  are  presented  from  seven  additional  launches  acquired  using  instruments  that 
image  the  polarized  near-infrared  sunlight  scattered  off  the  solid  plume  particles.  Six  of  the  obser¬ 
vations  were  made  of  plumes  from  the  Space  Shuttle  launched  from  Cape  Canaveral  Air  Station 
(CCAS)  and  one  was  made  of  a  Titan  IV  (K-13)  launched  from  Vandenberg  Air  Force  Base  (VAFB). 
Expansion  rates  were  measured  at  altitudes  of  1 8,  24,  and  30  km  with  duration  as  long  as  50  min. 

The  data  from  the  Vandenberg  launch  are  notable  because  the  plume  was  imaged  at  the  24  km  alti¬ 
tude  simultaneously  from  two  sites  at  nearly  orthogonal  views  allowing  a  three-dimensional  under¬ 
standing  of  the  interaction  of  the  rocket  plume  with  the  stratosphere  to  be  obtained.  Adding  these 
seven  measurements  to  the  three  previously  reported  single-altitude,  short-duration  measurements 
creates  a  database  of  sufficient  size  to  identify  trends.  Although  the  expansion  rates  show  consider¬ 
able  variability  from  launch  to  launch,  a  clear  pattern  of  increasing  expansion  rate  with  altitude  is 
evident. 
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2. 


Method  and  Instrumentation 


The  data  were  acquired  as  electronic  video  and  still  images.  The  instruments  imaged  near-infrared, 
polarized  solar  radiation  scattered  from  the  plume  particles.  By  choosing  the  correct  wavelength, 
polarization,  and  scattering  angle  of  the  radiation,  the  contrast  of  the  image  of  the  plume  against  the 
bright  sky  could  be  enhanced  considerably,  allowing  the  viewing  time  of  the  plume  to  be  increased. 
The  principles  and  details  of  the  method  used  are  discussed  in  detail  elsewhere  [Betting,  1998],  and 
only  a  brief  description  of  the  instruments  is  presented  here. 

Three  video  recording  instruments  and  one  high-resolution  electronic  still  camera  were  built  to  study 
the  morphology  of  the  plume.  Figure  1  is  a  diagram  showing  the  principal  components  of  the 
instruments.  The  video  camera  is  a  Hitachi  KP-160  high-sensitivity  CCD  with  786  horizontal  and 
488  vertical  pixels  where  the  pixels  have  a  100%  fill  factor.  These  pixels  are  rastered  into  570  hori¬ 
zontal  and  350  vertical  television  lines.  With  the  IR  cut-off  filter  removed,  the  spectral  sensitivity  of 
the  camera  peaks  at  800  nm  and  has  good  response  to  1 100  nm.  Each  of  these  cameras  was  equipped 
with  an  8-48  mm  zoom  lens,  a  spectral  filter,  and  an  IR  polarizer.  The  filter  and  polarizer  were  cut 
to  fit  in  standard  49-mm-diam  threaded  lens  mounting  rings,  allowing  quick  interchange  and 
stacking  of  optical  components.  The  composite  spectral  response  curves  for  the  instruments  have  a 
peak  near  900  nm. 

The  video  images  are  recorded  at  SVHS  resolution  with  voice  annotation  using  portable  video 
recorders.  The  cameras  are  mounted  on  commercial  tripod  heads  that  were  modified  with  two  pairs 
of  orthogonally  mounted  gears,  each  pair  coupled  to  an  optical  encoder  that  fed  signals  to  digital 
readouts  for  the  azimuth  and  elevation  of  the  image.  The  images  are  monitored  during  launch  using 
high-resolution  black  and  white  video  monitors.  This  wide  range  of  fields-of-view  enables  images  of 
the  plume  to  be  recorded  with  good  spatial  resolution  for  nearly  an  hour  of  expansion.  Recording  the 
azimuth  and  elevation  of  the  plume  centerline  permitted  the  wind  direction  and  speed  be  measmed 
(assuming  that  there  is  no  vertical  component  to  the  stratospheric  winds). 

VIDEO  BASED  IMAGING  MEGAPIXEL  STILL 

ELECTRONIC  IMAGING 


Figure  1.  Instruments  used  for  recording  dynamic  and 
static  images  of  the  plume. 
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Raster  noise  reduces  the  signal-to-noise  ratio  of  the  video  images  to  about  5  bits  (32  gray  levels).  To 
enhance  both  spatial  resolution  and  contrast,  a  Kodak  Megapixel  1.6i  CCD  camera  with  1.533  million 
pixels  and  10-bit  intensity  resolution  was  acquired.  This  camera  was  mated  to  a  fast  digital  frame 
grabber  and  equipped  with  a  standard  35-mm  wide-angle  zoom  lens,  spectral  filter,  and  polarizer. 
Numerical  image  processing  was  used  to  enhance  the  digital  images. 

The  images  recorded  of  objects  with  known  widths  were  used  to  spatially  calibrate  the  instruments. 
That  is,  the  actual  width,  fV,  of  the  plume  is  calculated  from  its  image  width,  w,  knowing  the  distance, 
D,  from  the  camera-to-plume  segment  (calculated  from  the  rocket  trajectory)  and  a  focal-length- 
dependent  calibration  factor,  djj,  which  was  measured  in  the  laboratory,  viz. 


W  =  D—.  (1) 

d/I 

The  measured  fields-of-view  (FOV)  and  reciprocal  dispersions  on  the  readout  medium  for  the  various 
focal  lengths  used  are  presented  in  Table  1 .  The  maximum  field-of-view  for  both  instruments  is 
about  40°,  but  the  video  instruments  had  much  higher  magnifications  available  than  the  Kodak  still 
camera.  The  video  instruments  had  greater  dispersion,  but  this  advantage  is  offset  somewhat  by  the 
greater  spatial  resolution  and  by  the  ability  to  image  enhance  the  high-resolution,  10-bit  still  images. 


Table  1.  Optical  Characteristics  of  Instruments 


Camera/Readout 

Focal  Length 
(mm) 

FOV 

(deg) 

Reciprocal 

Dispersion 

(deg/cm) 

Hitachi/Monitor 

8 

38.9 

0.94 

Hitachi/Monltor 

10 

33.6 

0.81 

Hitachi/Monitor 

15 

22.3 

0.54 

Hitachi/Monitor 

20 

17.2 

0.41 

Hitachi/Monitor 

30 

11.4 

0.275 

Hitachi/Monitor 

48 

7.10 

0.17 

Kodak/Hardcopy 

18 

40.6 

2.09 

Kodak/Hardcopy 

35 

23.0 

1.15 
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3.  Data  Acquisition  and  Processing 


The  data  acquisition  procedure  was  straightforward.  Each  operator  of  a  video  camera  was  assigned 
one  or  two  of  the  target  altitudes  (18,  24,  or  30  km).  The  operator  tracked  the  vehicle  to  the  assigned 
altitude  (using  the  time-to-altitude  obtained  from  the  precalculated  trajectory)  and  identified  a  fea¬ 
ture  near  this  altitude  in  order  to  follow  the  plume  segment  as  it  blew  across  the  sky.  This  method  of 
tracking  altitude  used  the  fact  that  there  was  little  vertical  component  to  the  stratospheric  winds. 
Periodically,  the  operator  would  read  in  the  camera’s  azimuth  and  elevation  onto  the  audio  portion  of 
the  video  tape.  Usually  the  focal  length  of  all  three  cameras  was  initially  set  to  48  mm,  yielding  a 
horizontal  field-of-view  of  7°.  As  the  plume  expanded,  the  focal  lengths  would  be  decreased 
sequentially  to  30,  20,  15,  and  10  mm.  The  operators  adjusted  the  focal  length  of  the  zoom  lens  to 
keep  the  plume  width  between  20%  and  80%  of  the  screen  size,  thus  assuring  a  resolution  of  at  least 
100  pixels  across  the  plume  width.  This  procedure  was  also  followed  for  the  electronic  still  camera. 
Here,  however,  the  first  images  were  taken  when  the  rocket  reached  each  of  the  target  altitudes. 
Subsequently,  images  were  stored  every  15  to  30  s  to  record  a  clear  progression  of  the  changing 
plume  morphology. 

Most  data  were  acquired  using  the  three  video  recorder  instruments;  the  still  instrument  became 
operational  late  in  the  program.  Estimates  of  plume  width  from  the  video  tape  images  were  made  by 
eye  directly  from  a  large  (41 .4  cm  x  30.8  cm)  SVHS  video  monitor.  The  large  size  and  the  signifi¬ 
cant  image  enhancement  created  by  the  eye  averaging  multiple  video  frames  yielded  more  accurately 
measured  widths  than  could  be  obtained  from  smaller  hardcopy  images.  Estimates  of  plume  widths 
from  the  still  camera  images  were  taken  from  laser  jet  printed  images  (20.3  cm  x  13.8  cm)  after 
image  processing. 

More  sophisticated  methods  of  data  analysis  (i.e.,  digitization  of  a  line  of  pixels  across  the  plume  and 
defining  a  full-width-half-maximum-FWHM)  were  not  warranted  because  the  complex  plume  mor¬ 
phology  at  all  but  the  earliest  times  (<5  min.)  created  considerable  ambiguity  in  selecting  a  width. 

For  example,  even  at  early  times,  side-by-side  features  could  differ  significantly  in  width  [Belting  & 
Klingberg,  1997]  where  at  later  times  these  features  could  coalesce  into  a  single  feature;  or  the  plume 
would  develop  open  sections,  rendering  the  definition  of  a  FWHM  meaningless.  In  these  situations, 
the  ability  of  the  eye  to  identify  and  associate  disparate  structures  is  unsurpassed.  Thus,  the  plume 
extent  could  be  assigned  under  complex  and  dynamic  conditions  even  when  a  highly  structured 
plume  had  an  angular  extent  as  large  as  40°. 

It  is  also  for  these  reasons  that  traverses  through  the  plume  by  aircraft  or  by  LIDAR  beams  that  sam¬ 
ple  only  a  part  of  the  plume  without  knowledge  of  the  total  plume  morphology  are  not  useful  for 
defining  an  expansion  rate.  These  techniques  can  provide  a  consistency  check  [Belting,  1997a],  but  a 
temporal  history  of  the  entire  plume  structure  is  required  for  a  measure  of  plume  dispersion. 

Because  of  these  highly  variable  structures,  all  measured  diameters  are  assigned  an  accuracy  of 

±10%. 
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4.  Results 


A  detailed  analysis  of  the  data  from  the  seven  launches  discussed  in  this  report  is  presented  in 
Appendices  1-7.  Analysis  of  data  from  two  previous  measurements  of  this  series  is  described  in  a 
previous  report  [Betting  and  Klingberg,  1997]  and  in  a  publication  on  plume  particles  [Betting, 
1997a].  In  this  section,  all  results  are  presented  and  compared  to  the  one  previous  single-altitude 
measurement  made  much  earlier  by  Hoshizaki  [1975].* 

When  the  widths  inferred  from  the  images  are  graphed  as  a  function  of  time,  the  plots  are  remarkably 
linear.  The  data  and  the  linear  fits  used  to  infer  expansion  rates  are  shown  in  Appendices  1-7.  The 
results  of  the  seven  launches  as  well  as  analysis  the  three  previous  launches  are  listed  chronologi¬ 
cally  in  Table  2.  The  values  in  this  table  were  the  slopes  obtained  from  linear  regression  fits  to  the 
plume  widths  and  are  averages  when  multiple  measurements  at  a  given  altitude  were  made.  The 
short  observation  times  shown  for  some  of  the  launches  were  usually  caused  by  portions  of  the  tro¬ 
pospheric  (low  altitude)  plume  or  clouds  blowing  in  front  of  the  stratospheric  section  of  the  plume 
being  monitored.  The  longest  observation  times  (25  to  50  min)  were  terminated  because  of  clouds, 
or  because  the  edge  of  the  plume  expanded  beyond  the  FOV  of  the  camera.  Although  nearly  all  the 
values**  listed  in  Table  2  are  greater  than  0.96,  indicating  good  linearity,  some  of  the  longer 
observations  show  considerable  deviations  from  the  average  expansion  rates.  For  example,  the 
subinterval  expansion  rate  at  the  27  and  30  km  altitudes  of  STS-90  could  vary  from  the  lowest  to 
highest  rate  by  a  factor  of  2  to  3.  In  contrast,  the  expansion  rate  of  the  17  km  altitude  plume  section 
of  STS-85  was  remarkably  constant  over  a  36-min  interval. 

The  wind  direction  and  speed  from  rawinsonde  data  are  also  listed  in  Table  2.  The  plume  speed  also 
could  be  inferred  from  the  motion  and  direction  of  the  plume  centerline.  Whenever  comparison  was 
made  between  those  two  sets  of  wind  speeds  (K-2,  K-13,  STS-85,  STS-94,  STS-90),  the  plume  speed 
was  found  to  be  in  reasonable  agreement  with  rawinsonde  data.  Comparison  of  the  wind  speed  with 
the  expansion  rate  shows  that  there  is  no  obvious  correlation  between  wind  speed  and  expansion  rate. 
For  example,  the  wind  speed  does  increase  with  altitude  for  the  K-13  flight,  but  the  expansion  rate 
does  not.  While  the  expansion  rate  increases  with  altitude  for  the  remainder  of  the  flights,  the  wind 
speed  decreases  with  altitude  for  half  of  them  (STS-83,  STS-90  and  STS-9 1 )  and  increases  for  the 
other  half  (STS-80,  STS-94,  STS-85).  The  plot  of  wind  speed  and  expansion  rate  presented  in  Figure 
2  confirms  this  observation.  This  lack  of  correlation  holds  true  even  for  a  single  segment  of  a  given 
plume  if  it  showed  considerable  variability  in  both  expansion  rate  and  velocity.  The  expansion  rate 
of  STS-94  at  an  altitude  of  30  km  varied  nearly  a  factor  of  3  among  4  3-min  subintervals  of  its  1 3 
min  observation  interval.  The  velocity  of  this  plume  segment  varied  between  0  and  17  m/s  during 


*Expansion  of  a  plume  from  a  Delta  II  vehicle  was  measured  near  an  altitude  of  27  km  for  a  period  of  1 .5  min.  [R.  N. 
Abernathy,  personal  communication,  1998.]  This  unpublished  result  is  not  included  in  this  analysis  because  expansion 
rates  during  the  first  2  min  can  differ  considerably  from  longer  (>I0  min)  rates. 

**R^  returns  the  square  of  the  Pearson  product  moment  correlation  coefficient  through  data  points  in  known  y’s  and  known 
x’s.  The  R-squared  value  can  be  interpreted  as  the  proportion  of  the  variance  in  y  attributable  to  the  variance  in  x. 
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Table  2.  Stratospheric  Plume  Data  Synopsis 


IDENTIFICATION 

Launch  ID 

Date 

Vehicle-LT* 

Rawinsonde-LT 

Alt 

(km) 

WIND 

Speed 

(m/s) 

Direction 

SHEAR: 

SpeedV 

Direction 

(m/s/km)\ 

(deg/km) 

Obs 

Time 

(min) 

PLUME  DATA 

Expansion 
Rate  (R2) 
(m/s) 

Titan?  [1]VAFB 

18 

NA 

10 

6.2(0.94) 

4  Oct  74 

24 

— 

— 

? 

30 

- 

““ 

— 

K-10  [2]  KSC 

7  Feb  94 

18 

-> 

~ 

2147  UT 

24 

— 

“ 

1716  UT 

30 

15-W(21km) 

-3\0 

10 

10(0.99) 

K-2  [3]  KSC 

2  July  96 

18 

- 

— 

3  July  0030  UT 

24 

— 

— 

2  July  2330  UT 

30 

7-E(20km) 

3\-20 

12 

9.0 

STS-80  KSC 

19  Nov  96 

18 

— 

” 

1956  UT 

24 

20-W 

-1\-26 

3 

6.8  (0.98) 

1623  UT 

30 

25AN 

1\5 

2 

10(0.98) 

K-13VAFB 

20  Dec  96 

18 

— 

— 

1804  UT 

24 

7-W 

4.3\3 

10 

8.2  (0.98) 

1749  UT 

30 

15-W 

0\0 

10 

5.2  (0.98) 

STS-83  KSC 

4  April  97 

18 

— 

— 

— 

1920  UT 

24 

10-E 

0\46 

3.0 

4.5  (0.97) 

1905  UT 

30 

10-N 

2\150 

3.5 

7.5  (0.97) 

STS-94  KSC 

1  July  97 

18 

— 

— 

— 

1802  UT 

24 

8-E 

2\15 

7 

10.1  (0.94) 

1720  UT 

30 

10-E 

1.5\22 

12 

13.7  (0.98) 

STS-85  KSC 

3.1  (0.99) 

7  Aug  97 

17 

2.5-S 

-3.5\200 

36 

1441  UT 

24 

15-E 

-4\7 

7 

5,3  (0.96) 

1411  UT 

30 

30-E 

4\0 

8 

6.5  (0.99) 

STS-90  KSC 

18 

10-NW 

-5\21 

3 

4.7  (0.80) 

17  April  98 

24 

6-SE 

1\33 

4 

5.8  (0.98) 

1819  UT 

27 

5-E 

1\37 

25 

7.0  (0.98) 

1949  UT 

30 

4-E 

25 

8.0  (0.98) 

STS-91  KSC 

5.1  (0.99) 

2  June  98 

18 

10-N 

-6\0 

50 

2206  UT 

24 

8-E 

2\-7 

10 

6.9  (0.99) 

2135  UT 

30 

10-E 

-1\-12 

25 

8.7  (0.97) 

*LT  =  Launch  Time:  EST  =  UT  -  5  and  EDT  =  UT  -  4;  PST  =  UT  -  8  and  PDT  =  UT  -  7.  The  vehicle  reached 
the  stratosphere  in  1.5  min,  whereas  the  rawinsonde  balloon  required  about  60  min  to  reach  these  altitudes, 
[1]  =  Hoshizaki,  1973;  [2]  =  Beiting,  1997a;  [3]=  Beiting  &  Klingberg,  1997 
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Figure  2.  Plot  of  stratospheric  wind  speed  versus  plume  expansion  rate 
showing  little  correlation  between  the  two  parameters.  A  lin¬ 
ear  fit  of  wind  speed  to  expansion  rate  has  a  correlation  coef¬ 
ficient  (r^)  of  0.01. 


these  subintervals  with  no  obvious  correlation  between  this  plume  centerline  speed  and  the  expan¬ 
sion  rate  (see  Tables  4-1  and  4-2  in  Appendix  4).  Therefore,  based  on  these  data  we  conclude  that 
variation  in  wind  speed  is  not  responsible  for  the  observed  variation  in  expansion  rates. 

A  similar  comparison  can  be  made  with  wind  shear.  Vertical  wind  shear  (rate  of  change  of  wind 
speed  or  direction  with  altitude)  can  be  calculated  from  the  rawinsonde  data  albeit  with  large  error. 
The  results  from  this  exercise  are  present  in  column  4  in  Table  2.  Figure  3  compares  the  speed  and 
directional  wind  shear  values  with  the  expansion  rate.  Again  no  discemable  pattern  is  evident. 

The  predominate  trend  in  the  data  is  increasing  expansion  rate  with  increasing  altitude.  This  rela¬ 
tionship  is  seen  for  all  east  coast  rates  where  diameters  at  multiple  altitudes  were  measured  simulta¬ 
neously.  Only  the  one  measurement  made  at  the  Western  Test  Range  (K-13),  shows  a  decrease  in 
expansion  rate  between  24  and  30  km.  Whether  there  is  a  difference  between  the  east  and  west  coast 
expansion  rates  with  altitude  or  this  is  an  anomaly  of  this  one  measurement  cannot  be  answered 
without  additional  west  coast  measurements. 

Table  3  averages  the  expansion  rates  for  all  altitudes  for  the  nine  launches  taken  during  the  course  of 
this  work  and  for  the  east  coast  launches  only.  There  is  not  a  significant  difference  between  the  two 
sets  of  averages  although  the  east  coast  averages  show  the  trend  of  increasing  expansion  rate  with 
increasing  altitude  more  clearly.  The  expansion  rates  have  standard  deviations  between  20-30%,  but 
the  ratio  of  the  extreme  values  of  the  rate  at  a  given  altitude  can  be  10  times  larger  than  this  standard 
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Figure  3.  Plot  of  stratospheric  vertical  wind  speed  shear  and  directional  shear  versus  rate 

showing  little  correlation  between  the  plume  expansion  rate  and  either  parameter. 


deviation.  In  general,  there  is  about  a  50%  increase  in  expansion  rate  between  18  and  24  km  altitude 
and  between  24  and  30  km  altitude  or  a  factor  of  2  increase  in  expansion  rate  from  18  to  30  km. 

Note  that  the  extreme  variation  in  expansion  rate  from  measurement  to  measurement  at  a  given 
altitude  (presented  in  the  last  column  of  Table  3)  is  significantly  larger  than  this  increase  with 
altitude. 

The  data  obtained  from  the  K-13  launch  are  noteworthy  because  two,  nearly  orthogonal,  views  of  the 
plume  were  obtained  at  an  altitude  of  24  km.  This  was  accomplished  by  placing  a  camera  nearly 
directly  under  the  flight  path  on  an  oil  platform  10  km  off  shore  and  another  onshore  camera  that 
viewed  the  side  of  the  plume  at  the  same  altitude  (see  Fig  2-1  in  Appendix  2).  These  two  views 
helped  to  differentiate  between  pure  plume  expansion  and  the  plume  shearing  into  packets.  This 
differentiation  was  important  for  defining  the  chemical  dilution  rate.  The  series  of  images  given  in 
Appendix  2  indicate  that  although  the  plume  does  sheer  into  identifiable  segments  or  packets,  these 
segments  expand  nearly  uniformly  in  cross  section,  continuing  the  chemical  dilution  process  for  the 
10-min  expansion  interval  observed  at  this  launch. 


Table  3.  Averages  of  Plume  Expansion  Rates 


Altitude 

(km) 

Avg  Rate:  All 
(m/s) 

Avg  Rate  East  Only 
(m/s) 

Max  Variation 
Ratio 

18 

4,3+ 1.0 

4.3  ±1.0 

1.6 

24 

6.8  ±1.9 

6.6  ±2.0 

2.2 

30 

8,7 +  2.4 

9.2  ±  2.2 

2.6 
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5.  Diffusivity 


The  dispersion  of  an  ensemble  of  particles  in  the  atmosphere  is  commonly  modeled  using  the  diffu¬ 
sion  equation.  This  equation  simply  indicates  that  the  time  rate  of  change  in  the  particle  concentra¬ 
tion  at  a  point  is  proportional  to  the  spatial  rate  of  change  of  the  density  gradient  with  a  proportion¬ 
ality  constant,  K^,  called  the  diffusivity: 


dn 


(2) 


For  a  rocket  plume,  there  is  no  gradient  along  the  axis  of  the  plume,  and  expansion  is  solely  in  the 
radial  direction  (advection  is  removed  by  allowing  the  coordinate  system  of  the  plume  to  move  with 
the  wind).  For  a  line  source  and  a  constant  diffusivity,  the  solution  to  Eq.  4-1  of  Appendix  4  has  a 
Gaussian  radial  dependence  as  is  commonly  used  in  modeling  plumes  from  smokestacks  [Stem  et  al. 
1973]: 


n{x,y,t) 


Q 

AnKjt 


+  y^) !  AKji\ 


(3) 


The  criterion  for  identifying  the  edge  of  the  plume  is  somewhat  instrument  and  operator  dependent. 
However,  the  plume  is  visible  only  if  the  integrated  concentration  along  the  line  of  sight  is  above 
some  threshold.  This  method  of  the  visible  threshold  was  proposed  early  [Roberts,  1923]  and  has 
been  used  many  times  [Joseph  et  al.,  1975].  Accordingly,  if  the  radius  of  the  plume  is  at  this 
constant  threshold  value,  T,  then 


T  =  ^_^n(x,yQ,t)dx 

=  2  ^  ^xp(->>o  exp(-x^  l4Kj)dx 

AkKJ  •'0 

Q 


(4) 


l^TtKjt 


exp 


f  2  \ 
V 


where  in  the  last  line  is  defined  as  the  observed  edge  of  the  plume.  Then 


In  t -I- constant 


(5) 


2 

and  we  see  that  a  plot  oi  It  versus  ln(t)  should  be  linear  and  have  a  slope  of  -IK^  if  this  model  is 
valid. 
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Assuming  that  the  threshold  for  detection  of  the  plume  edge  was  a  constant  value  of  density,  Denison 
et  al.  [1994]  found  that  the  spatial  and  temporal  dependence  of  this  solution  did  not  agree  with  the 
plume  expansion  of  rocket  exhaust  measured  at  18  km  as  reported  by  Hoshizaki,  [1975].  Subse¬ 
quently,  they  proposed  a  size-dependent  diffusivity  {K^  =  br)  used  in  a  form  of  the  diffusion  equation 
that  permitted  the  first  partial  derivative  of  this  diffusivity: 


_  1  d  ^^dn 
dt  r  dr  dr 


(6) 


with  the  line  source  solution 


(7) 


This  interpretation  of  the  diffusivity  is  consistent  with  the  diffusion  of  a  plume  being  driven  by  the 
small  eddies  in  the  turbulent  spectrum  on  the  order  of  the  plume  size  and  not  by  the  much  larger 
integral  scale  of  the  atmosphere,  which  give  plume  dissipation  times  on  the  order  of  milliseconds. 
Using  this  constant-density  criterion,  they  noted  that  a  plot  of  r/t  versus  ln(t)  for  the  data  would  yield 
a  straight  line  with  slope  of -2b  for  a  diffusivity  with  linear  radial  dependence  This  procedure  pro¬ 
vided  reasonable  agreement  with  the  Hoshizaki  data. 

Assuming  the  functional  form  for  the  particle  density  of  Dension  et  al.,  but  applying  a  constant  inte¬ 
grated  concentration  criterion  for  edge  detection,  we  have 


T=\  n{r,t)dx 

J—oo 

=  2-y  f  exp[-(x^  +  yl  /  bt]dx 

^  ue 

-  2~  I  “p 

r  ho 


-u/bt 


2  v2 
>^0 


r 


^du 


(8) 


where  ATifz)  is  the  modified  Bessel  function  [see  Gradshteyn  and  Ryzhik,  1965,  p  316,  3.365-2,  for 
the  evaluation  of  the  integral].  A  useful  asymptotic  expansion  of  A’^(z)  is  [y4r^/n,  1970]  p.  508]: 


Ky{z)^ 


(4v^  -1^) 

Tisz 


(4v^-l^)(4v^-3^) 

2!(8z)2 


(9) 
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For  a  real  argument  >3,  (\fb~\,  this  condition  is  met  for  expansion  rates  >3  m/s),  K^{z)  can  be 
approximated  to  10%  accuracy  using  the  leading  term  only,  allowing  Eq.  (8)  to  be  written: 


(10) 


where  has  been  substituted  for  If  this  analysis  is  correct  then  a  plot  of  r/t  versus  ln{f/r^  would 
be  linear  with  a  slope  of  -b/2. 


The  results  of  the  analysis  of  the  data  for  these  three  methods  are  shown  in  Table  4.  There  is  con- 
sistently  poor  agreement  between  the  data  and  the  Gaussian  model.  The  plots  of  It  versus  Inr,  in 

general,  are  not  linear  (as  indicated  by  values  <0.90),  and  the  fits  have  negative  slopes  yielding 
unphysical  values  for  the  diffusion  constant.  The  diffusivity  model  advocated  by  Denison  et  al.  fits 
the  data  better  than  the  Gaussian  model,  although  the  agreement  is  not  particularly  good.  Using  the 
integral  edge  detection  analysis  with  this  model  does  produce  somewhat  better  fits  for  all  the  data 
and  yields  a  diffusivity  parameter,  b,  about  twice  that  obtained  from  using  the  constant  density  crite¬ 
rion  for  edge  detection. 


We  note  that  there  is  poor  correlation  between  the  linear  expansion  rates  and  the  b  value.  This  can 
be  seen  in  Figure  4.  The  correlation  parameter  for  a  linear  fit  between  expansion  rate  and  the  b 
parameter  obtained  from  the  model  using  either  of  the  edge  criteria  is  below  0.2.  The  poor  correla¬ 
tion  is  not  unexpected  since  none  of  the  models  yields  a  constant  expansion  rate  as  is  indicated  by 
most  of  the  data. 


Figure  4.  Correlation  study  of  plume 
expansion  rate  to  diffusion  parameter. 
A  linear  fit  of  the  diffusion  parameter 
to  expansion  rate  has  a  correlation 
coefficient  (/?')  of  0.145  using  the 
constant  density  edge  criterion  and 
0.056  for  the  constant  integral  edge 
criterion.  The  and  values  are  the 
ordinate  intercept  and  slope  of  the  line 
fit  to  the  data. 
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6.  Generalized  Particle  Model  for  a  SRM  Plume  in  the  Stratosphere 


Recently,  a  unified  model  was  presented  for  particle  size  distribution,  particle  density,  and  geometri¬ 
cal  dispersion  for  the  particles  in  the  exhaust  of  an  SRM  plume  in  the  stratosphere.  [Belting,  1997a] 
New  in  situ  measurements  of  the  particle  size  distribution  in  the  lower  stratosphere  and  the  data  pre¬ 
sented  here  allow  this  model  to  be  updated. 

Because  the  data  clearly  show  an  increase  of  expansion  rate  with  altitude,  it  is  desirable  to  reflect  this 
dependence  in  the  model.  However,  as  noted  above,  the  values  for  the  diffusion  parameter,  b, 
obtained  from  the  data  fitting  procedure  above  do  not  reflect  the  expansion  rate  with  precision;  i.e., 
the  average  of  the  ratios  of  the  diffusion  parameter  to  the  expansion  rate  has  a  standard  deviation  of 
about  60%  for  both  methods  of  identifying  the  plume  edge.  Even  in  light  of  this  shortcoming,  it  is 
the  best  available  model  to  define  the  expansion  in  terms  of  diffusivity — a  concept  almost  univer¬ 
sally  used  to  describe  the  temporal  evolution  of  atmospheric  plumes.  Accordingly,  we  search  for  a 
method  to  define  a  functional  relationship  between  b  and  the  expansion  rate. 

Using  Eq.  (10)  to  define  this  relationship  would  be  a  good  method  to  assign  a  diffusion  parameter  to 
each  expansion  rate  if  this  equation  were  not  transcendental.  An  alternate  method  is  to  use  a 
constant-density  criterion  to  identify  the  scaling  between  b  and  the  expansion  rate.  This  is  a 
reasonable  procedure  because  the  b  values  for  the  integral  and  density  edge  identification  methods 
are  related  by  a  constant  factor  of  1.75  with  a  standard  deviation  of  only  13%.  Therefore,  let  the 
radial  distance  from  the  center  of  the  plume  at  which  the  particle  density  falls  to  some  value  e  “ 
define  the  edge  of  the  plume.  Then,  using  Eq.  (7),  we  have 


bt  -g-a 

n(r  =  0,0 


(11) 


or 


rg=abt,  (12) 

which  indicates  that  the  expansion  rate,  ,  is  directly  proportional  to  b.  The  average  value  of  b 
(calculated  from  values  given  in  Table  4,  column  9,  east  coast  values)  is  1 .3  for  the  center  altitude  of 
24  km.  The  corresponding  values  for  altitudes  of  1 8  and  30  km  are  then  scaled  from  the  expansion 
rates  given  in  Table  3,  column  3.  Accordingly,  b  can  be  expressed  as 

fc(2)  =  0.85  +  0.079(z- 18)  (13) 
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where  b(z)  is  in  m/s,  z  is  the  altitude  in  km,  and  the  expression  is  valid  for  altitudes  between  18  and 
30  km. 


Collecting  data  from  several  sources,  the  particle  size  distribution  of  the  alumina  particles  from  SRM 
exhaust  in  the  stratosphere  was  found  to  be  trimodal.  [Belting,  1997a]  This  trimodal  distribution  was 
recently  verified  by  WB-57  flights  in  the  lower  stratosphere  (18.5  km).  [Ross  etal.,  1999]  Although 
the  geometrical  mean  diameters  of  the  three  modes  are  in  general  agreement,  the  mass  fraction  in  the 
smallest  particle  mode  differs  significantly  between  the  two  sets  of  measurements.  The  reason  for 
this  difference  is  not  known,  indicating  that  additional  measurements  are  warranted.  Accordingly, 
the  generalized  model  for  the  stratospheric  plume  particle  is  presented  in  two  forms,  the  first  using 
the  previous  particle  distribution,  and  the  second  using  the  most  recently  measured  particle 
distribution.  The  model  with  the  original  particle  size  distribution  is*: 


nQ(D,r,z,t) 


( 

exp 

V 


(14) 


where 


n,  =  8.3x  10"  m'nm' 


Y,=63.3  (pm  ') 


«  =  1.8  X  10*  m  *  pm  ' 


Y,  =  3.13  (pm  ') 


n,  =  3.3  X  I  o’  m  ’  pm ' 


Y,  =  0.80  (pm  ') 


Using  the  distribution  from  Ross  et  al.  [ 1999],  the  model  becomes:’ 


2/^2 


-So)  /C7 


(15) 


where 


n,  =  4.3  X  10“  '  5,  =  0.005  (|Lim  ‘)  CJ^  =  0.006  (^im  ') 


*The  absolute  number  density  of  particles  at  a  given  time  is  required  to  normalize  the  model.  The  normalization  used  here 
is  for  a  Titan  IV  vehicle.  As  discussed  in  Appendix  A  of  [Beiting,  1997a],  normalization  requires  a  spatial  average  over  the 
exponential  factor  to  the  summation  in  Eq.  (14).  This  average  is  a  function  of  the  diameter  over  which  the  plume  is 
spatially  averaged.  The  spatial  average  of  the  factor  cxp[-r/b(z)t]  yields  a  factor  a/(I-e  “)  that  multiplies  the  n  coefficients. 
The  n,  coefficients  given  above  were  calculated  for  a  =  2,  where  the  spatial  average  was  taken  to  a  radius  where  the 
centerline  density  drops  to  a  value  of  e^.  Changing  the  b  parameter  in  the  model  does  not  affect  the  normalization 
procedure. 

**The  parameters  given  by  Ross  et  al  imply  an  absolute  particle  density  at  an  unspecified  time.  Since  no  absolute  density 
of  the  aggregate  plume  was  measured,  only  relative  density  among  the  three  modes  was  used,  and  the  normalization 
procedure  used  for  Eq.  ( 1 4)  was  also  applied  to  Eq.  (15). 
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=  3.8  X  10"’  m  '  M-m '  =  0.090  (^im  ') 

n,  =  7.7  X  10’ m  '  ^m '  <5,  =  2.03  (|iim ') 

One  should  refer  to  Beiting  [1997a]  for  applications  of  this  model. 


(7,  =  0.090  (^m ') 
(7,  =  1 .49  (ixm  ') 
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7.  Summary 


The  expansion  rates  of  plumes  from  nine  Space  Shuttle  and  Titan  IV  vehicles  were  measured  and 
compared  for  altitudes  throughout  the  atmosphere.  The  expansion  rates  were  found  to  be  constant  in 
time  but  increased  with  increasing  altitude  for  all  measurements  made  at  the  eastern  test  range.  The 
one  measurement  made  at  the  western  test  range  showed  a  higher  expansion  rate  at  an  altitude  of  24 
km  than  the  rate  measured  at  an  altitude  of  30  km.  There  was  considerable  variability  in  the  magni¬ 
tude  of  the  expansion  rate  at  a  given  altitude  from  launch  to  launch,  but  this  variation  did  not  corre¬ 
late  with  wind  speed  or  shear.  Attempts  to  associate  the  expansion  with  a  diffusivity  were  only  par¬ 
tially  successful;  models  that  allowed  the  diffusivity  to  vary  with  plume  size  were  more  successful 
than  a  constant  diffusivity  model.  The  results  presented  here  will  be  useful  to  models  that  calculate 
the  chemical  effects  of  aircraft  and  rocket  exhaust  in  the  stratosphere. 
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Appendix  1 — STS-80  Analysis 


The  STS-80  was  launched  from  Pad  39B  of  the  Kennedy  Space  Center  at  2:55:47  p.m.  EST  on  19 
Nov  96  into  partly  cloudy  skies  with  moderate  haze.  The  launch  was  viewed  from  Camera  Site 
U 1 76L46  of  Cape  Canaveral  Air  Station  (CCAS),  which  is  1 3.5  km  south  and  4.9  km  east  of  Pad 
39B.  The  locations  of  Pad  39B  and  the  camera  site  are  shown  in  Figure  1-1. 

There  was  a  30°  change  in  the  azimuth  of  the  cameras  from  the  17-km  altitude  position  to  the  30  km 
position.  This  change  was  required  to  differentiate  these  altitudes  since  there  was  3°  or  less  change 
in  elevation  among  these  altitudes. 

As  seen  from  Figure  1-2,  at  launch  time  just  before  3:00  p.m.  EST,  the  scattering  angle  is  between 
75°  and  80°  at  stratospheric  altitudes,  and  little  contrast  enhancement  due  to  polarization  would  be 
expected.  Viewing  the  plume  at  infrared  wavelengths  resulted  in  considerable  contrast  enhancement, 
which  was  expected  based  on  previous  analysis.  [Belting,  1999] 


Figure  1-1.  Scale  map  of  the  launch  pad  39B,  camera  position,  ground  projec¬ 
tion  of  STS-80  trajectory  and  viewing  vectors  at  the  three  altitudes 
studied. 
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Figure  1-2.  Scattering  angle  of  light  scattered  from  the  plume  for  three 
different  times.  Launch  time  was  just  before  3  p.m. 


Rawinsonde  balloons  were  released  during  the  day  of  the  launch  and  provided  stratospheric  wind 
data.  Figure  1-3  shows  the  wind  data  available  closest  to  the  time  of  vehicle  launch.  This  rawin¬ 
sonde  balloon  was  released  at  16:23  Zulu  and  reached  stratospheric  altitudes  about  an  hour  later. 

The  STS-80  passed  through  the  stratosphere  at  16:56  Zulu,  about  one-half  hour  before  these  wind 
data  were  taken.  As  seen,  the  wind  is  predominately  from  west  to  east  (270")  with  a  magnitude  of  20 
m/s  (1.2  km/min).  Seasonal  predictions  for  the  zonal  and  meridional  components  of  the  wind 
between  17  and  30-km  altitude  are  6-12  m/s  (from  west)  and  2-3  m/s  (from  south),  respectively, 
during  January.  [Anon.,  1983] 

The  instruments  and  personnel  operating  the  instruments  performed  flawlessly.  Data  were  acquired 
at  all  three  altitudes.  Unfortunately,  the  amount  of  useful  data  acquired  was  limited  by  sections  of 
the  lower  plume  and  clouds  being  blown  in  front  of  the  upper  plume  section  being  studied.  The 
plume  observed  at  17-km  altitude  was  obscured  by  the  tropospheric  plume  after  about  1  min  of 
expansion,  the  plume  viewed  at  24-km  altitude  was  obscured  by  the  tropospheric  plume  after  about  3 
min  of  expansion,  and  the  plume  at  30-km  altitude  was  obscured  by  clouds  after  2  min  of  expansion. 
Past  measurements  of  the  plume  expansion  indicate  a  constant  expansion  rate  for  the  first  10-12  min, 
and  these  rates  can  be  compared  to  the  previous  measurements.  However,  these  past  experiences 
also  show  that  the  expansion  rates  obtained  from  linear  fits  during  the  first  couple  of  minutes  can 
vary  significantly  from  those  obtained  over  longer  times  and  may  not  be  accurate  indicators  of  the 
true  expansion  rate. 

The  expansion  measurements  for  the  three  altitudes  are  shown  in  Figures  1-4  through  1-6.  Two  sets 
of  measurements  are  shown  for  each  altitude.  The  first  series  of  values  of  each  set  was  measured 
from  a  large  (41  cm  x  30  cm)  monitor,  and  the  second  set  was  taken  from  laser  printer  hardcopy  of 
the  electronic  images  (13  cm  x  10  cm).  Table  1-1  shows  the  approximate  expansion  rates  obtained 
from  a  linear  fit  to  each  of  the  datasets. 
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WIND 


Plume  Width  (km) 


Figure  1-5.  Plume  width  at  an  altitude  of  24  km  as  a  function  of  expansion  time. 


Figure  1-6.  Plume  width  at  an  altitude  of  30  km  as  a  function  of  expansion  time. 


Table  1-1.  Plume  Expansion  Rates 


Altitude 

(km) 

Sony  Monitor 
(km/m  in) 

Hardcopy 

(km/m!n) 

Time 

(min) 

17 

0.44 

0.41 

1 

24 

0.42 

0.39 

3 

30 

0.64 

0.58 

2 
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As  noted  above,  the  day  was  hazy,  and  the  haze  had  two  effects:  it  reduced  the  contrast  of  the 
images  of  the  plume  and  it  reduced  the  polarization  of  the  tropospheric-scattered  light.  The  poor 
contrast  of  the  plume  in  the  sky  was  evident  when  viewed  visually;  however,  the  infrared  images 
recorded  have  considerably  better  contrast.  The  contrast  of  the  images  of  the  plume  did  not  improve 
significantly  as  a  function  of  polarization  angle  due  to  the  haze  and  because  of  the  low  scattering 
angle.  [Beiting,  1999] 
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Appendix  2 — K-13  Analysis 


The  K-13  was  launched  from  SLC-4E  of  the  Vandenberg  Air  Force  Base  at  10:04:00.743  p.m.  PST 
(18:04:00.743  Z)  on  20  Dec  96  into  mostly  clear  skies  with  scattered  cirrus  clouds.  The  launch  was 
viewed  from  a  site  on  the  road  that  parallels  the  coast  on  Bixby  Ranch  south  of  Jalama  Beach  (24  and 
30  km  altitudes)  and  from  the  Texaco  Harvest  oil  platform  located  about  10  km  off  shore  and  about 
15  km  from  the  ranch  site  (24-km  altitude).  The  relative  positions  of  SLC-4E  and  the  camera  sites 
are  shown  in  Figure  2-1.  The  approximate  vehicle  ground  track  and  the  ground  projection  of  the 
observation  line-of-site  vectors  at  the  three  altitudes  studied  also  are  shown  to  scale  in  this  figure. 


Figure  2-1.  Scale  map  of  Vandenberg  area  showing  the  launch  pad  SLC-4E,  camera 
positions  on  Bixby  Road  and  Harvest  Platform,  ground  projection  of  K- 
13  trajectory,  and  viewing  vectors  at  the  two  altitudes  studied. 
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The  vehicle  attained  the  24-km  altitude  at  T  +  85  s,  and  the  30-kni  altitude  at  T  +  96  s.  At  the  Bixby 
site,  there  was  a  24°  change  in  the  azimuth  of  the  cameras  from  the  24-km  altitude  position  to  the  30- 
km  altitude.  This  change  was  required  to  differentiate  these  altitudes  since  there  was  only  1°  change 
in  elevation  between  these  altitudes.  Tracking  the  vehicle  from  the  Harvest  site  was  especially  chal¬ 
lenging  because  the  vehicle  was  nearly  directly  overhead  (elevation  =  84°)  at  the  assigned  altitude  of 
24  km  and  the  azimuth  was  changing  at  a  rate  of  1 .5  deg/s.  The  distance  to  and  altitude  of  the  vehi¬ 
cle  nearly  coincide  near  the  assigned  altitude  indicating  that  this  observation  site  provided  the  mini¬ 
mum  observation  distance  to  the  plume. 

The  scattering  angles  of  sunlight  off  the  plume  in  the  stratosphere  for  the  two  sites  are  presented  in 
Figures  2-2  and  2-3.  At  launch  time  just  after  10  a.m.  PST,  the  scattering  angle  is  between  90°  and 
1 10°  between  24-  and  30-km  altitude  at  the  Bixby  site,  which  is  nearly  ideal  for  contrast  enhance¬ 
ment  using  the  polarization  method.  The  scattering  angle  from  the  Harvest  site  at  24-km  altitude  at 
10  a.m.  was  near  120° — also  favorable  for  image  contrast  enhancement.  Viewing  the  plume  at  infra¬ 
red  wavelengths  also  resulted  in  considerable  contrast  enhancement. 


Figure  2-2.  Scattering  angle  of  light  scattered  from  the  plume  for  three  differ¬ 
ent  times.  Launch  time  was  just  after  10  a.m. 


10.0  15.0  20.0  25.0  30.0  35.0 

Altitude  (km) 

Figure  2-3.  Scattering  angle  of  light  scattered  from  the  plume  for  three  differ¬ 
ent  times.  Launch  time  was  just  after  10  a.m. 
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Rawinsonde  balloons  were  released  during  the  day  of  the  launch  and  provide  stratospheric  wind  data. 
Figure  2-4  shows  the  wind  data  available  closest  to  the  time  of  vehicle  launch.  This  rawinsonde 
balloon  was  released  at  17:49  Zulu  and  rose  at  1000  ft/min,  reaching  stratospheric  altitudes  about  an 
hour  later  and  bursting  at  an  altitude  of  27  km  (90,000  ft).  The  K-18  passed  through  the  stratosphere 
at  18:05  Zulu,  about  one-half  hour  before  these  wind  data  were  taken.  As  seen,  the  wind  is  predomi¬ 
nately  from  west  to  east  (270°)  with  a  magnitude  varying  between  5  and  25  m/s  (0.3-1 .5  km/min). 

The  motion  of  the  observed  plume  segment  as  it  expands  can  be  used  to  measure  the  wind  speed  if 
both  the  speed  and  direction  of  the  plume  are  recorded.  The  speed  of  the  plume  can  be  obtained  by 
timing  the  motion  of  the  plume  segment  on  the  video  screen.  The  azimuth  and  elevation  of  the  seg¬ 
ment  are  not  recorded  so  directional  information  was  not  available  (instrumental  upgrades  are  in 
progress  to  record  the  azimuth  and  elevation  on  the  video  tapes).  If  we  assume  a  wind  direction,  the 
wind  speed  can  be  measured.  Fortunately,  at  stratospheric  altitudes,  the  wind  has  no  vertical  compo¬ 
nent  and  its  horizontal  component  is  almost  directly  from  the  west  (+  zonal)  as  was  confirmed  by  the 
rawinsonde.  Thus,  if  we  define  r  as  the  position  vector  of  the  plume  segment,  and  v  as  its  velocity 
vector  (see  Figure  2-5),  then  noting  that  the  observed  component  of  the  velocity  is  component  per¬ 
pendicular  to  the  position  vector,  we  have 


where 


ry /r  =  sin0sin^;  r^/r  =  cos9;  6  =  90-0^/;  ^  =  MOD35o(450‘’ -0^^), 


and  8^,  and  are  the  azimuth  and  elevation  of  the  plume  segment.  Then  the  fraction  of  the 
velocity  that  is  observed  assuming  a  purely  westerly  wind  is 


16.0  18.0  20.0  22.0  24.0  26.0  20.0  30.0 


ALTITUDE  (km) 

Figure  2-4.  Stratospheric  rawinsonde  wind  measurements  about  30 
min  after  K-I3  passage. 
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Figure  2-5.  Definition  of  coordinates  used  to  calculate  the  observed  velocity. 


(2) 


For  the  Harvest  site,  this  ratio  is  0.98;  for  the  two  Bixby  Road  cameras,  the  ratios  are  0.88  at  24  km 
and  0.94  at  30  km. 

About  10  min  of  expansion  data  were  obtained  from  the  24-km  altitude  Harvest  camera  and  the  30- 
km  altitude  Bixby  camera.  About  8  min  of  data  were  obtained  from  the  24-km  altitude  Bixby  cam¬ 
era.  Expansion  data  were  not  obtained  beyond  these  times  because  sections  of  the  tropospheric 
plume  blew  in  front  of  the  stratospheric  sections  studied. 

The  plume  widths  as  a  function  of  time  are  presented  graphically  in  Figures  2-6  to  2-8.  Adjacent 
sections  of  the  plume  at  the  24-km  altitude  position  showed  different  diameters;  these  diameters 
were  measured  separately  and  are  displayed  in  separate  graphs.  The  narrow  and  wide  sections  of  the 
plume  did  not  yield  significantly  different  expansion  rates  at  the  Bixby  Road  site  but  the  narrow  sec¬ 
tion  measured  from  the  Harvest  Platform  was  about  20%  smaller  than  its  wide  rate  and  of  the  rate 
measured  at  the  Bixby  Road  site.  Only  one  rate  was  observed  at  the  30-km  altitude  plume  segment. 
The  second  and  third  columns  of  Table  2-1  show  the  expansion  rates  obtained  from  linear  fits  to  the 
datasets. 


Table  2-1.  Plume  Expansion  Rates  (km/min) 


Altitude 

(km) 

K-13 

Harvest 

K-13 

Bixby  Road 

Observation  Time 
(min) 

17 

24 

0.44-0.52 

0.50-0.51 

10/8 

30 

- 

0.31 

10 

32 


Pl^me  Wdth  (km)  ^  n>  _  Plume  Width  (km) 


0.00  2.00  4.00  6.00  8.00  10.00 

Expansion  Time  (min) 

6.  Plume  width  at  an  altitude  of  24  km 
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from  Harvest  as  a  function  of  expansion  time. 
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Figure  2-7.  Plume  width  at  an  altitude  of  24  km  as  a  function  of  expansion  time. 
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Figure  2-8.  Plume  width  at  an  altitude  of  30  km 
as  a  function  of  expansion  time. 
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The  analyses  of  the  measured  drift  rates  are  shown  in  Table  2-2.  The  geometric  factors  calculated 
using  Eq.  (2)  (which  are  the  ratios  of  the  observed-to-true  wind  speeds  assuming  a  purely  westerly 
horizontal  wind  direction)  do  not  vary  greatly  for  the  three  cameras.  The  velocities  shown  are  for 
approximately  the  maximum  drift  rates  observed  on  the  screen.  The  bulk  plume  motion  at  times 
could  appear  to  be  stationary.  The  velocities  shown  in  the  table  do  vary  significantly,  and  this  varia¬ 
tion  appears  surprising  for  the  two  sites  measuring  the  same  altitude.  However,  this  is  not  inconsis¬ 
tent  with  the  rawinsonde  data  shown  in  Figure  2-4.  There  is  a  large  wind  shear  for  the  altitudes  near 
24  km,  the  wind  speed  varying  between  3.6  m/s  and  14.9  m/s  for  the  altitudes  between  23  and  26  km. 
Thus,  an  error  in  the  observed  altitude  of  just  ±1  km  would  explain  the  difference  in  inferred  wind 
speeds.  The  rawinsonde  data  did  not  measure  the  wind  speed  at  30  km.  Measurements  of  wind 
velocity  by  the  observing  plume  motion  are  useful  but  quantitatively  approximate. 

The  principal  reason  for  selecting  two  sites  to  view  the  same  altitude  was  to  gain  an  understanding  of 
the  three-dimensional  plume  morphology  from  the  two-dimensional  images.  The  Harvest  site  was 
fortuitously  positioned  to  allow  a  view  nearly  perpendicular  to  the  view  given  by  the  Bixby  Road 
site.  Selected  images  of  the  plume  from  both  sites  are  shown  below  in  this  appendix.  In  these 
images,  the  Harvest  Platform  is  24.15  km  from  the  24  altitude  plume  segment  (indicating  that  the 
platform  is  nearly  directly  under  the  trajectory  at  this  altitude,  as  can  be  seen  in  Figure  2-1),  and  the 
Bixby  site  is  28.5  km  from  the  24-km  altitude  segment.  For  the  images  taken  with  the  camera  lens 
set  at  a  focal  length  of  20  mm,  the  16.5°  X  12.5°  field-of-view  yields  an  image  size  of  approximately 
5x7  km  and  an  altitude  range  of  23.7  to  24.5  from  Harvest  and  an  image  size  of  about  6x8  km  and 
an  altitude  range  of  22  to  25.5  km  from  Bixby  Road.  The  lower  segment  of  the  plume  appears  on  the 
right  in  the  Bixby  Road  images  and  on  the  left  on  the  Harvest  images.  The  vehicle  required  85  s  to 
reach  the  24-km  altitude  so  1 .4  min  should  be  subtracted  from  the  T-t-  times  indicated  on  the  figures 
to  obtain  the  expansion  time  (i.e.  the  first  image  shows  an  expansion  time  of  1 .6  min.).  At  later 
times,  the  lower  tropospheric  section  of  the  plume  is  seen  blowing  in  front  of  the  24-km  altitude 
segment  of  the  plume.  The  24-km  altitude  position  is  marked  in  each  of  these  images,  as  are  corre¬ 
sponding  segments  of  the  plume.  These  images  show  that  although  individual  segments  of  the  plume 
are  shearing  from  each  other  and  the  expansion  of  the  narrower  section  of  the  plume  is  slightly 
(20%)  asymmetrical,  in  general,  however,  each  segment  appears  to  be  expanding  more  or  less 
symmetrically. 

Images  of  the  plume  segment  at  30  km  taken  from  the  Bixby  Road  site  are  also  presented  below  in 
this  appendix.  The  16.5°  horizontal  field-of-view  of  the  20  mm  focal  length  images  encompassed 
the  28  to  33-km  altitude  range.  The  time  to  the  30-km  altitude  was  96  s,  requiring  1 .6  min  to  be 
subtracted  from  the  T+  times  listed  to  obtain  the  expansion  times.  At  T  -i-  1 1  min,  a  tropospheric 
section  of  the  plume  can  be  seen  to  be  moving  in  front  of  the  plume  segment  under  study,  precluding 
further  measurements. 


Table  2-2.  Estimated  Wind  Velocity  from  Plume  Motion 


Site 

Altitude 

(km) 

Azimuth 

(deg) 

Elevation 

(deg) 

Geometric 

Factor 

Velocity 

(m/s) 

Harvest 

24 

94 

79 

0.98 

5,4 

Bixby  Rd 

24 

258 

60 

0.88 

12 

Bixby  Rd 

30 

223 

60 

0.94 

21 
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The  principal  results  from  these  measurements  are:  the  plume  expansion  rate  at  24-km  altitude  was 
an  intermediate  value  (0.4-0.5  km/min)  between  previously  measured  values  at  18  km  (0.3  km/min.) 
and  30  km  (0.6  km/min.);  the  plume  expansion  rate  at  30  km  (0.3  km/min.)  was  about  half  the  value 
of  the  rates  previously  measured  at  the  eastern  test  range;  the  inferred  wind  velocity  indicated  con¬ 
siderable  wind  sheer,  an  observation  consistent  with  the  observed  plume  morphology;  the  dual  views 
of  the  plume  indicate  that  the  individual  sheared  packets  of  plume  expanded  symmetrically  (±20%). 

High,  wispy  cirrus  clouds  reduced  the  contrast  of  the  plume  images,  but  the  favorable  scattering 
angle  from  both  sites  allowed  the  polarizer  to  mitigate  this  effect.  Additionally,  viewing  the  images 
in  the  near  infrared  also  increased  the  contrast  of  the  images  over  visual  observations.  Consequently, 
the  time  interval  that  expansion  was  able  to  be  observed  was  determined  not  by  loss  of  contrast  but 
by  sections  of  the  tropospheric  plume  blocking  view  of  the  stratospheric  plume.  Light  scattered  off 
the  camera  filters  and  polarizers  into  the  CCD  when  the  camera  lens  was  set  to  a  short  focal  length 
detrimentally  affected  the  quality  of  the  data  because  the  sun  was  near  the  edge  of  the  field-of-view. 
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Orthogonal  Views  at  24-km  Altitude 

K13;  24  Km  Alt;  T+3:00  min 


Bixby  Road  View;  f  =20  nun 


Harvest  Platform  View  ;  f  =20  mm 


K13;  24  Km  Alt;  T+4:00  min 


Bixby  Road  View;  f=20mm 


24  km 


Harvest  Platform  View;  f  =20  mm 
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Bixby  Road  View;  f  =20  mm 


Harvest  Platform  View  ;  f  =20  mm 
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K13;  24  Km  Alt;  T+6 


mm 


Bixby  Road  View  ;  f  =20  mm 


K13;  24  Km  Alt;  T+7 


min 


DIE 


Bixby  Road  View  ;  f  =10  mm 


K13;  24  Km  Alt;  T+8:00  min 


Bixby  Road  View  ;  f =10  mm 


K13;  24  Km  Alt;  T+9:00  min 


Bixby  Road  View  ;  f =10  mm 


Appendix  II 

Plume  Images  at  30-km  Altitude 

K13;  30  Km  Alt;  Bixby  Road 


T+:2:00  min  ;  f  =20  mm 


30  km 


K13;  30  Km  Alt;  Bixby  Road 


30  km 


T+:4:00  min  ;  f  =20  mm 


30  km 


T+5:OOmin;  f=20mm 

44 


K13;  30  Km  Alt;  Bixby  Road 


T+:6:00  min  ;  f  =20  mm 


T+7:00  nodn  ;  f  =20  mm 
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T+:8:00min;  f=20mm 


T+9:00  min  ;  f  =20  mm 
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K13;  30  Km  Alt;  Bixby  Road 


Appendix  3 — STS-83  Analysis 


The  STS-83  was  launched  from  Pad  39A  of  the  Kennedy  Space  Center  at  2:20:32.074  p.m.  EST  on  4 
April  97  into  partly  cloudy  skies  with  moderate  haze.  The  launch  was  viewed  from  Camera  Site 
U176L46  of  Cape  Canaveral  Air  Station  (CCAS)  which  is  13.3  km  south  and  3.2  km  east  of  Pad 
39A.  The  location  of  Pad  39A  and  the  camera  site  are  shown  in  Figure  3-1 . 

The  approximate  vehicle  ground  track  and  the  ground  projection  of  the  observation  line-of-site  vec¬ 
tors  at  the  three  altitudes  studied  also  are  shown  to  scale  in  Figure  3-1 .  The  vehicle  attained  the  17- 
km  altitude  at  T  -H  76  s,  the  24-km  altitude  at  T  -i-  89  s,  and  the  30-km  altitude  at  T  +  99  s.  There  was 
a  26°  change  in  the  azimuth  between  the  17-km  altitude  position  and  the  30-km  altitude  position. 

This  change  was  required  to  differentiate  among  these  altitudes  since  there  was  2°  or  less  change  in 
elevation  among  the  three  altitudes. 

The  scattering  angles  of  the  sunlight  off  the  plume  segment  studied  were  calculated  and  are  shown  in 
Figure  3-2  as  a  function  of  altitude  for  three  times  of  day.  At  launch,  just  after  2:20  p.m.  EST,  the 
scattering  angle  is  between  90°  and  1 10°  between  24  km  and  30  km  altitude,  which  is  nearly  ideal  for 
contrast  enhancement  using  the  polarization  method. 


Figure  3- 1 .  Scale  map  of  the  launch  pad  39A,  camera  positions,  ground  projection  of  STS-83 
trajectory,  and  viewing  vectors  at  the  three  altitudes  studied.. 
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Figure  3-2.  Scattering  angle  for  three  times.  Launch  time  was  just  after  2:20  p.m. 
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Rawinsonde  balloons  were  released  during  the  day  of  the  launch  and  provide  stratospheric  wind  data. 
Figure  3-3  shows  the  wind  data  available  closest  to  the  time  of  vehicle  launch.  This  rawinsonde 
balloon  was  released  at  19:05  Zulu  and  rose  at  1000  ft/min,  reaching  stratospheric  altitudes  about  an 
hour  later  and  bursting  at  an  altitude  of  28  km  1 10,000  ft).  STS-83  passed  through  the  stratosphere 
at  1 8:20  Zulu,  about  2  h  before  these  wind  data  were  taken.  As  seen,  the  wind  is  predominately  from 
the  northeast  with  a  magnitude  varying  between  1  and  9  m/s  (0.06-0.5  km/min)  at  the  two  altitudes 
observed. 


Figure  3-3.  Stratospheric  rawinsonde  wind  measurements  about  10  h 
before  STS-83  passage. 
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As  discussed  in  Appendix  2,  the  motion  of  the  centerline  of  the  observed  plume  segment  can  be  used 
to  measure  the  wind  speed  if  both  the  speed  and  direction  of  the  plume  are  recorded.  For  this  launch, 
the  plume  appeared  to  be  stationary.  This  observation  is  consistent  with  the  low  velocity  of  the 
plume  measured  by  the  rawinsonde. 

Strong  northerly  tropospheric  winds  blew  sections  of  the  lower  plume  in  front  of  the  stratospheric 
plume  very  soon  after  launch.  Consequently,  no  data  were  obtained  from  the  camera  observing  the 
17-km  altitude,  and  only  about  3  min  of  expansion  data  were  obtained  from  the  24  km  and  30  km 
altitude  cameras.  Expansion  rates  presented  in  this  section  are  based  on  these  short-term  data.  Expe¬ 
rience  from  previous  measurements  indicates  that  expansion  rates  inferred  from  the  first  2-3  min  of 
data  can  deviate  significantly  from  those  obtained  when  10  or  more  minutes  of  data  are  used  to  cal¬ 
culate  the  expansion  rate. 

The  plume  widths  as  a  function  of  time  for  the  24-km  and  30-km  altitudes  are  presented  graphically 
in  Figures  3-4  through  3-6.  Figure  3-4  displays  the  data  from  the  video  camera  assigned  to  the  24- 
km  altitude;  Figure  3-5  displays  the  data  from  the  video  camera  assigned  to  the  30-km  altitude;  and 
Figure  3-6  displays  the  data  from  the  still  camera  assigned  to  the  24-km  altitude.  The  viewing 
geometry  permitted  the  measurement  of  two  altitudes  for  the  30-km  video  camera  and  for  two  alti¬ 
tudes  for  a  lesser  time  for  the  still  camera,  thus  allowing  the  inference  of  the  plume  expansion  rate  at 
the  24-km  altitude  to  be  made  by  three  different  instruments.  The  expansion  rates  measured  at  this 
altitude  by  the  two  video  cameras  agree  well  (avg  =  0.27  km/min),  and  this  average  agrees  with  the 
rate  measured  with  the  still  camera  (0.26  km/min).  The  rate  measured  at  the  30-km  altitude  by  the 
video  camera  (0.40  km/min)  is  about  20%  lower  than  that  measured  by  the  still  camera  (0.50 
km/min).  It  is  difficult  to  judge  which  of  the  two  values  is  better.  The  30-km  video  camera  was  set 
at  a  very  short  focal  length,  degrading  the  precision  of  the  measurements  (see  Appendix  1 ). 

Although  the  still  camera  gave  a  larger  view  of  the  plume  expansion,  the  30-km  altitude  was  visible 
in  its  images  only  for  about  2.5  min  of  expansion,  decreasing  the  reliability  of  the  inferred  expansion 
rate.  Thus,  an  equal  weighting  of  the  values  to  obtain  an  average  expansion  rate  of  0.45  km/min  with 
an  uncertainty  of  20%  is  judged  to  be  a  conservative  evaluation  of  the  data.  The  second  and  third 
columns  of  Table  I  show  the  expansion  rates  obtained  from  linear  fits  to  the  datasets. 

Table  3-1.  Plume  Expansion  Rates  (km/min) 


Altitude 

STS-83 

(km) 

Video 

Still 

min 

17 

- 

- 

-- 

24 

0.27 

0.26 

3 

30 

0.40 

0.50 

2-3 
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Figure  3-4.  Plume  width  as  a  function  of  expansion  time 
from  U176L46  taken  with  the  camera  assigned 
to  observe  the  plume  at  an  altitude  of  24  km. 
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Figure  3-5.  Plume  width  as  a  function  of  expansion  time  from  U176L46  taken 

with  the  camera  assigned  to  observe  the  plume  at  an  altitude  of  30  km. 


Figure  3-6.  Plume  width  as  a  function  of  expansion  time  from  U176L46  taken 
with  the  still  camera  assigned  to  observe  the  plume  at  an  altitude  of 
24  km. 
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Appendix  4 — STS-94  Analysis 


The  STS-94  was  launched  from  Pad  39A  of  the  Kennedy  Space  Center  at  2:02:02  p.m.  EDT  (1802Z) 
on  1  July  97  into  partly  cloudy  skies  with  moderate  haze.  The  launch  was  viewed  from  Camera  Site 
U176L46  of  Cape  Canaveral  Air  Station  (CCAS)  which  is  13.3  km  south  and  3.2  km  east  of  Pad 
39A.  The  location  of  Pad  39A  and  the  camera  site  are  shown  in  Figure  4- 1 . 

Two  identical  instruments  were  used  to  study  the  expansion  of  the  STS-94  SRM  plume.  Each 
instrument  comprised  a  CCD  video  camera  (equipped  with  a  zoom  lens,  spectral  filter,  and  polar¬ 
izer),  a  video  monitor,  and  a  SVHS  recorder.  The  focal  lengths  of  both  cameras  were  initially  set  to 
30  mm,  yielding  a  horizontal  field-of-view  of  1 1  °.  Subsequently,  the  focal  length  of  the  camera 
observing  the  30-km  altitude  was  changed  to  20  and  15  mm. 

The  approximate  vehicle  ground  track  and  the  ground  projection  of  the  observation  line-of-site  vec¬ 
tors  at  the  three  altitudes  studied  also  are  shown  to  scale  in  Figure  4-1 .  The  vehicle  attained  the  24- 
km  altitude  at  T  -r  87.5  s,  and  the  30-km  altitude  at  T  +  97.7  s.  There  was  an  1 1°  change  in  the  azi¬ 
muth  between  the  24-km  altitude  position  and  the  30-km  altitude  position.  This  change  was  required 
to  differentiate  between  these  altitudes  since  there  was  less  than  1 .5°  change  in  elevation  between  the 
two  altitudes. 


Figure  4-1 .  Scale  map  of  the  launch  pad  39A,  camera  positions,  ground  projection 
of  STS-94  trajectory,  and  viewing  vectors  at  the  two  altitudes  studied.. 


The  scattering  angles  of  the  sunlight  off  the  plume  segment  studied  were  calculated  from  the 
predicted  trajectory  and  sun  position;  these  angles  are  shown  in  Figure  4-2  as  a  function  of  altitude 
for  three  times  of  day.  At  launch  time,  just  after  2:02  p.m.  EDT,  the  scattering  angle  is  between  90° 
and  100°  between  24-km  and  30-km  altitude  and  which  is  nearly  ideal  for  contrast  enhancement 
using  the  polarization  method  described  previously.  Viewing  the  plume  at  infrared  wavelengths  also 
resulted  in  considerable  contrast  enhancement,  which  is  expected  based  on  previous  analysis. 

Rawinsonde  balloons  were  released  during  the  day  of  the  launch  and  provided  stratospheric  wind 
data.  Figure  4-3  shows  the  wind  data  available  closest  to  the  time  of  vehicle  launch.  This 
rawinsonde 
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Figure  4-2.  Scattering  angle  of  light  scattered  from  the  plume  for  three  differ¬ 
ent  times.  Launch  time  was  just  after  2:02  p.m. 


Figure  4-3.  Stratospheric  rawinsonde  wind  measurements  about  1  h  before 
STS-94  passage. 


54 


balloon  was  released  at  17:20  Zulu  and  rose  at  1000  ft/min,  reaching  stratospheric  altitudes  about  an 
hour  later  and  bursting  at  an  altitude  of  28  km  (1 10,000  ft).  STS-94  passed  through  the  stratosphere 
at  18:04  Zulu,  near  the  time  these  wind  data  were  taken.  As  seen,  the  wind  is  predominately  from 
the  east  with  a  magnitude  varying  between  10  and  16  m/s  (0.60-0.96  km/min)  at  the  two  altitudes. 

The  plume  widths  as  a  function  of  time  for  the  24-km  altitude  are  presented  graphically  in  Figure  4- 
4;  the  diameters  taken  at  30-km  altitude  are  shown  in  Figure  4-5.  The  measurements  were  termi¬ 
nated  when  sections  of  the  tropospheric  plume  blew  in  from  of  the  section  of  the  stratospheric  plume 


Figure  4-4.  Plume  width  as  a  function  of  expansion  lime  from  U176L46  taken  with  the  camera 
assigned  to  observe  the  plume  at  an  altitude  of  24  km. 


Figure  4-5.  Plume  width  as  a  function  of  expansion  time  from  U176L46  taken  with  the  camera 
assigned  to  observe  the  plume  at  an  altitude  of  30  km. 
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studied.  The  diameters  presented  in  these  figures  were  measured  on  a  large  (4 1 .4  cm  x  30.8  cm) 
SVHS  monitor.  Linear  fits  to  the  diameters  are  shown  on  these  plots.  Note  that  there  are  significant 
deviations  from  linearity  at  both  altitudes.  The  magnitude  of  these  variations  from  linearity  of  the 
overall  expansion  rate  were  obtained  by  fitting  linear  subsets  of  the  data.  The  results  of  these  fits  are 
shown  in  Table  4- 1 . 

The  data  at  both  altitudes  show  up  to  a  factor  of  3  variation  in  the  expansion  rates  during  the  obser¬ 
vation  periods.  Note  that  each  expansion  rate  decreases  and/or  increases  with  time  but  not  mono- 
tonically.  In  viewing  the  gross  motion  of  the  plume  on  the  video  tape  of  the  30-km  altitude  data,  it  is 
apparent  that  there  are  significant  variations  in  the  velocity  of  plume  moving  across  the  sky.  It  is 
tempting  to  correlate  these  variations  in  plume  velocity  with  the  variations  in  plume  expansion  rates. 
The  velocity  of  the  plume  can  be  estimated  from  this  observed  motion  of  the  plume  centerline. [See 
Appendix  2]  Table  4-2  show  the  plume  velocity  estimated  from  the  gross  plume  motion  for  several 
expansion  times  at  this  altitude.  It  is  evident  that  these  plume  velocities  do  not  correlate  well  with 
the  plume  expansion  rates.  For  example,  the  plume  expansion  rate  is  constant  during  the  first  3  min 
but  the  plume  velocity  shows  its  largest  variation  during  that  period.  Note  also  that  the  highest 
expansion  rate  is  during  the  8-12  min  interval  when  the  plume  is  stationary.  Furthermore,  the 
motion  of  the  plume  centerline  for  the  24-km  altitude  data  was  nearly  constant  (at  0.45  km/min  or  7 
m/s)  during  the  first  5  min  of  expansion,  whereas  the  plume  expansion  showed  significant  variation 
during  this  time.  These  measurements  of  velocity  are  consistent  with  the  rawinsonde  data. 

The  principal  results  from  these  measurements  are:  the  plume  expansion  rates  at  24  and  30-km  alti¬ 
tude  were  the  largest  values  (0.61  and  0.82  km/min)  observed  to  date  at  their  respective  altitudes. 

The  deviations  from  linear  expansion  rates  were  also  larger  than  have  been  previously  observed. 
These  large  deviations  could  not  be  correlated  with  the  large  observed  variations  in  wind  velocity. 

Table  4-1.  STS-94  Plume  Expansion  Rates  (km/min) 


24  km 

30  km 

Interval 

(min.) 

Expansion  Rate 
(km/mln) 

R* 

Interval 

(min.) 

Expansion  Rate 
(km/min) 

R* 

0-2 

0.56 

0.993 

0-3.4 

0.59 

0.993 

2-4 

0.30 

0.976 

2.9-5 

0.88 

0.979 

4-7 

1.06 

0.992 

5-5-8.5 

0.47 

0.982 

0-7 

0.61 

0.944 

8-12 

1.35 

0.987 

0-12 

0.82 

0.978 

Table  4-2.  STS-94  30-km  Altitude  Plume  Velocity 

Expansion  Time  Estimated  Plume  Velocity 
(min)  (km/min)  (m/s) 


0-1 

1.0 

17 

1-2 

0.4 

6.7 

2-3 

0 

0 

3-4 

0.2 

3.3 

5-6 

0.9 

15 

6.5-7 

0.7 

12 

7-13 

0 

0 
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Appendix  5 — STS-85  Analysis 


The  STS-85  was  launched  from  Pad  39A  of  the  Kennedy  Space  Center  at  10:41 :00.069  am  EDT 
(1441  Z)  on  7  August  97  into  partly  cloudy  skies  with  extreme  haze.  The  launch  was  viewed  from  a 
sandbar  on  Haulover  Canal  on  Cape  Canaveral  Air  Station  (CCAS),  which  is  13.7  km  north  and  13.8 
km  west  of  Pad  39A.  The  locations  of  Pad  39A  and  the  camera  site  are  shown  in  Figure  5-1  as  are 
the  approximate  vehicle  ground  track  and  the  ground  projection  of  the  observation  line-of-site  vec¬ 
tors  at  the  three  altitudes  studied.  There  was  a  27°  change  in  the  azimuth  between  the  17-km  altitude 
position  and  the  30-km  altitude  position.  The  change  in  elevation  was  4°  between  the  17  and  30  km 
altitudes.  The  ground  projection  of  the  viewing  vector  and  ground  projection  of  the  trajectory  was 
about  60°  at  the  24-km  altitude  The  focal  length  of  all  three  cameras  was  initially  set  to  48  mm, 
yielding  a  horizontal  field-of-view  of  7°.  Subsequently,  the  focal  length  of  the  camera  observing  the 
17-km  altitude  was  sequentially  decreased  to  30,  20,  15,  and  10  mm. 


Figure  5-1.  Scale  map  of  the  launch  pad  39A,  cameras’  position,  ground  projection  of  STS-85  tra¬ 
jectory,  and  viewing  vectors  at  the  three  altitudes  studied. 
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The  scattering  angles  of  the  sunlight  off  the  plume  segment  studied  are  shown  in  Figure  5-2  as  a 
function  of  altitude  for  three  times  of  day.  At  launch,  just  after  10:41  p.m.  EDT,  the  scattering  angle 
is  between  1 10°  and  1 15°  between  17-km  and  30-km  altitude,  which  is  advantageous  for  contrast 
enhancement  using  the  polarization  method.  The  extreme  haze  (turbidity)  during  the  launch  and 
subsequent  observation  period  depolarized  the  sunlight  scattered  by  the  atmosphere,  mitigating  the 
ability  of  the  polarizer  to  enhance  the  contrast  of  the  plume.  Viewing  the  plume  at  infrared  wave¬ 
lengths,  however,  resulted  in  considerable  contrast  enhancement  over  that  seen  by  eye,  which  is 
expected  based  on  previous  analysis.  [Beiting,  1999] 

Rawinsonde  balloons  were  released  during  the  day  of  the  launch  and  provided  stratospheric  wind 
data.  Figure  5-3  shows  the  wind  data  available  closest  to  the  time  of  vehicle  launch.  This  rawin¬ 
sonde  balloon  was  released  at  1411  Zulu  and  rose  at  1000  ft/min,  reaching  stratospheric  altitudes 


Figure  5-2.  Scattering  angle  of  light  scattered  from  the  plume  for  three  differ- 
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Figure  5-3.  Stratospheric  rawinsonde  wind  measurements  about  a  half  an  hour 
after  STS-85  passage. 
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about  an  hour  later  (15:00Z)  and  bursting  at  an  altitude  of  33  km  (107,000  ft).  STS-85  passed 
through  the  stratosphere  at  1442  Zulu,  about  a  half  an  hour  before  these  wind  data  were  taken.  As 
seen,  the  wind  is  predominately  from  the  east  showing  very  little  change  in  direction  in  the  17-30  km 
altitude  range.  The  wind  speed  increased  nearly  monotonically  from  near  0  to  30  m/s  (0-1 .8 
km/min)  in  this  altitude  range. 

The  plume  widths  as  a  function  of  time  for  the  1 7-km  altitude  are  presented  graphically  in  Figure  5- 
4;  the  diameters  taken  at  24-km  altitude  are  shown  in  Figure  5-5;  and  the  diameters  taken  at  30-km 
altitude  are  shown  in  Figure  5-6.  The  measurements  were  made  under  extremely  hazy  conditions 
and  with  viewing  angles  close  to  that  of  the  sun.  Measurements  were  terminated  when  clouds 
blocked  the  view  of  the  plume  (17  km)  or  when  the  edge  of  the  camera’s  field-of-view  began  to 
intercept  the  sun.  The  plume  centerline  appeared  stationary  on  the  screen  at  the  17-km  altitude,  but 
was  moving  rapidly  across  the  sky  at  the  30-km  altitude.  The  plume  centerline  movement  at  the  24- 
km  altitude  was  intermediate  between  these  two  extremes.  These  observations  are  consistent  with 
the  rawinsonde  data  presented  in  Figure  5-3. 


Figure  5-4.  Plume  width  as  a  function  of  expansion  time  from  Haulover  Canal  taken  with  the  camera 
assigned  to  observe  the  plume  at  an  altitude  of  17  km. 
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Figure  5-5.  Plume  width  as  a  function  of  expansion  time  from  Haulover  Canal  taken  with  the 
camera  assigned  to  observe  the  plume  at  an  altitude  of  24  km. 


Figure  5-6.  Plume  width  as  a  function  of  expansion  time  from  Haulover  Canal  taken  with  the 
camera  assigned  to  observe  the  plume  at  an  altitude  of  30  km. 
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Linear  fits  to  the  diameters  are  shown  on  these  plots.  Although  there  are  short-term  deviations  from 
linearity  in  the  17-km  altitude  data,  the  expansion  rates  at  this  and  the  other  two  altitudes  are 
remarkably  constant.  The  measurement  time  interval  (36  min.)  at  the  17-km  altitude  is  the  longest 
seen  to  date  by  a  factor  of  3.  This  is  the  first  successful  measurement  at  this  altitude  during  this 
observation  program  (previous  attempts  at  recording  the  expansion  at  this  altitude  were  unsuccessful 
because  portions  of  the  tropospheric  plume  blew  in  front  of  this  section  of  the  plume  at  very  early 
expansion  times).  For  the  17-km  altitude,  the  magnitude  of  the  variations  from  linearity  from  the 
overall  expansion  rate  were  obtained  by  fitting  linear  subsets  of  the  data.  The  results  of  these  fits  are 
shown  in  Table  5-1.  The  largest  sub-interval  excursion  of  the  expansion  rate  from  the  overall  expan¬ 
sion  rate  is  about  30%,  a  small  value  compared  with  the  maximum  variation  from  the  mean  of  about 
200%  seen  the  STS-94  data  [Appendix  4]. 

The  principal  results  from  these  measurements  are:  the  plume  expansion  rates  at  17-,  24-,  and  30-km 
altitude  measured  increased  monotonically  with  altitude  in  agreement  with  the  general  trend  seen 
emerging  from  the  previous  measurements;  the  magnitudes  of  the  expansion  rates  are  somewhat  less 
that  those  observed  in  the  previous  observation  for  the  respective  altitudes  but  within  the  deviations 
of  the  measurements.  The  plume  velocities  were  not  estimated  from  the  plume  centerline  motion  for 
this  work  but  were  in  agreement  qualitatively  with  the  rawinsonde  data  taken  very  close  to  the  time 
of  the  passage  of  the  STS-85  through  the  stratosphere. 

Table  5-1.  Sub-interval  Plume  Expansion  Rates  at  17  km 


Expansion  Time 
(min) 

Rate 

(km/min) 

2-6 

0.14 

0.987 

7-14 

0.13 

0.942 

15-25 

0.23 

0.987 

29-37 

0.13 

0.928 

1-36 

0.19 

0.991 
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Appendix  6 — STS-90  Analysis 


The  STS-90  was  launched  from  Pad  39B  of  the  Kennedy  Space  Center  at  2:19  p.m.  EDT  (1819  Z)  on 
17  April  98  into  cloudy  skies.  The  launch  was  viewed  from  camera  site  U176L46,  which  is  13.4  km 
south  and  4.8  km  east  of  Pad  39B  and  a  sandbar  on  Haulover  Canal  on  Cape  Canaveral  Air  Station 
(CCAS),  which  is  1 1 .6  km  north  and  1 2.2  km  west  of  Pad  39B.  The  locations  of  Pad  39B  and  the 
camera  sites  are  shown  in  Figure  6- 1 

There  was  a  15°  change  in  the  azimuth  between  the  18-km  altitude  position  and  the  30-km  altitude 
position  at  the  Haulover  site  and  a  14°  change  in  the  azimuth  between  these  two  positions  at  the 
U176L46  site.  The  change  in  elevation  was  4°  and  3°  between  the  18-  and  30-km  altitudes  for  the 
two  sites,  respectively.  Thus  the  two  sites  were  nearly  identical  in  the  views  afforded.  The  angle 
between  the  ground  projection  of  the  viewing  vector  and  the  ground  projection  of  the  trajectory  was 
between  30°  and  35°  at  the  24-km  altitude.  One  video  camera  and  the  electronic  still  camera  were 
deployed  at  the  Haulover  Canal  site,  and  the  other  two  video  cameras  were  deployed  at  the  U 1 76L46 
camera  site. 


Figure  6- 1 .  Scale  map  of  the  launch  pad  39B,  camera  positions,  ground  pro¬ 
jection  of  STS-90  trajectory,  and  viewing  vectors  at  the  three  alti¬ 
tudes  studied  for  both  the  Haulover  and  U176L46  sites. 
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Under  conditions  of  low  atmospheric  turbidity  (little  haze),  images  of  the  plume  can  be  recorded 
with  enhanced  contrast  through  a  polarizer  oriented  parallel  to  the  scattering  plane  if  the  scattering 
angle  is  between  90°  and  120°.  As  seen  in  Figures  6-2  and  6-3,  at  time  of  launch,  just  after  2: 1 9  p.m. 
EDT,  the  scattering  angle  is  below  90°,  and  polarization  was  not  useful  for  contrast  enhancement 
using  the  polarization  method.  Viewing  the  plume  at  infrared  wavelengths,  however,  resulted  in 
considerable  contrast  enhancement  over  that  seen  by  eye. 


Figure  6-2.  Scattering  angle  of  light  scattered  from  the  plume  for  three  differ¬ 
ent  times  as  viewed  form  U176L46.  Launch  time  was  2:19  p.m. 
EDT. 


Altitude  (km) 


Figure  6-3.  Scattering  angle  of  light  scattered  from  the  plume  for  three  differ¬ 
ent  times  as  viewed  from  Haulover  Canal.  Launch  time  was  2:19 
p.m.  EDT. 
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Figure  6-4  shows  the  wind  data  available  closest  to  the  time  of  vehicle  launch.  This  rawinsonde 
balloon  was  released  at  1449  Zulu  and  rose  at  1000  ft/min,  reaching  stratospheric  altitudes  about  an 
hour  later  (16:00  Z)  and  bursting  at  an  altitude  of  28  km  (92,000  ft).  STS-90  passed  through  the 
stratosphere  at  18:20  Zulu,  about  two  and  a  half  hours  after  these  wind  data  were  taken.  As  seen,  the 
wind  is  predominately  from  the  southeast,  showing  very  little  change  in  direction  in  the  20-26  km 
altitude  range.  The  wind  speed  was  nearly  constant  with  a  relatively  low  value  of  about  5  m/s  (0.3 
km/min)  between  1 9  and  28  km. 

The  plume  widths  as  a  function  of  time  for  the  1 8-km  altitude  are  presented  graphically  in  Figure  6-5 
for  the  Haulover  site  and  Figure  6-6  for  the  U176L46  camera  site.  Clouds  obscured  the  view  of  the 
plume  for  most  of  the  observation  period  at  the  Haulover  site,  but  because  the  plume  appeared  to  be 
absolutely  stationary,  it  was  possible  to  make  measurements  at  irregular  intervals  for  1 1  min  at  the 
1 8-km  altitude.  The  cloud  cover  precluded  measurements  at  the  higher  altitudes  at  this  site.  It  is 
clear  from  Figure  6-5  that  the  plume  did  not  expand  uniformly  during  the  1 1  min.  The  subinterval 
rates  for  this  dataset  are  given  in  Table  6-1 .  During  the  first  3  min,  the  plume  expanded  at  a  rate  of 
0.28  km/min  and  then  slowed  by  a  factor  of  4.  However,  because  the  plume  could  not  be  monitored 
continuously,  the  later  definitions  of  the  edges  of  the  plume  may  not  correlate  well  with  the  earlier 
definitions,  leading  to  a  discontinuity  in  the  identification  of  the  plume  diameter.  However,  it  was 
clear  at  a  later  time  that  the  plume  was  largely  stationary  in  the  sky  and  not  expanding  at  its  earlier 
rate.  At  the  U176L46  site,  the  tropospheric  plume  obscured  the  18-km  altitude  after  only  3  min  of 
expansion,  but  this  site  measured  the  same  expansion  rate  for  this  period  as  did  the  Haulover  site, 
indicating  a  symmetrical  expansion  for  these  two  viewing  projections.  In  assigning  an  expansion 
rate  for  this  altitude,  this  later  rate  will  be  given  half  weight  of  the  earlier  rates,  leading  to  an  average 
rate  of  0.24  km/min. 
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Figure  6-4.  Stratospheric  rawinsonde  wind  measurements  about  2.5  hours 
before  STS-90  passage. 
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Figure  6-5.  Plume  width  as  a  function  of  expansion  time  from  Haulover  Canal 
taken  with  the  camera  assigned  to  observe  the  plume  at  an  altitude 
of  18  km. 


Figure  6-6.  Plume  width  as  a  function  of  expansion  time  from  the  U176L46 

camera  site  taken  with  the  camera  assigned  to  observe  the  plume  at 
an  altitude  of  18  km. 

Table  6-1.  Haulover  Sub-interval  Plume  Expansion  Rates  at  1 8  km 


Expansion  Time 

Rate 

(min) 

(km/min) 

R* 

0-4.5 

0.28 

0.993 

4.5-11 

0.07 

0.976 

4.5-11 

0.15 

0.88 
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One  camera  at  the  U176L46  site  was  able  to  observe  the  24-30  km  altitude  range.  The  plume  also 
appeared  stationary  at  these  higher  altitudes.  The  diameters  taken  at  the  24-km  altitude,  displayed  in 
Figure  6-7,  show  a  uniform  expansion  rate  during  the  4-min  measurement  period  available  before 
this  plume  section  was  blocked  from  view  by  the  lower  plume.  At  the  upper  altitudes,  the  expansion 
was  observed  for  25  min.  An  altitude  of  27  km  was  optimal  for  observation  by  this  camera.  These 
data  and  those  for  the  30-km  altitude  are  presented  in  Figures  6-8  and  6-9,  respectively.  The  expan¬ 
sion  rates  at  these  two  altitudes  were  not  constant  as  shown  in  Tables  6-2  and  6-3  where  the  subinter¬ 
val  expansion  rates  are  presented.  The  early  plume  at  the  27-km  altitude  expanded  at  a  slightly  lower 
rate  at  early  times  than  did  the  30-km  plume.  During  the  last  10  min  of  expansion,  the  27-  and  30- 
km  altitudes  had  the  same  expansion  rates.  Thus,  the  average  expansion  rate  over  the  25-min  obser¬ 
vation  period  was  slightly  less  at  the  27-km  altitude  than  at  the  30-km  altitude.  The  subinterval 
expansion  rate  varied  by  more  than  a  factor  of  2  during  the  observation  period.  The  average 
expansion  rates  for  all  altitudes  are  presented  in  Table  6-4. 
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Figure  6-7.  Plume  width  at  24  km  as  a  function  of  expansion 
time  from  U176L46. 
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Figure  6-8.  Plume  width  at  27  km  as  a  function  of  expansion  time  from 
U176L46. 
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Figure  6-9.  Plume  width  at  30  km  as  a  function  of  expansion  time  from 

U176L46  taken  with  the  camera  assigned  to  observe  the  plume  in 
the  altitude  range  of  24  -  30. 


Table  6-2.  Sub-interval  Plume  Expansion  Rates  at  27  km 


Expansion  Time 
(min) 

Rate 
(km/m  in) 

R* 

0-2.3 

0.46 

0.989 

3-8.5 

0.22 

0.969 

14-25 

0.62 

0.978 

0.3-25 

0.42 

0.978 

L  Sub-interval  Plume  Expansion  Rates  at 

Expansion  Time 
(min) 

Rate 
(km/m  in) 

R* 

0-2.3 

0.56 

0.964 

3-8.5 

0.32 

0.987 

14-25 

0.62 

0.978 

0.3-25 

0.48 

0.979 

Table  6-4.  STS-90  Plume  Expansion  Rates 


Aititude 

(km) 

Rate  (km/min.) 

Subinterval  Average 

Duration 

(min) 

18  Haulover 

0.28/0.07 

0.15 

11 

18  U176L46 

- 

0.28 

3 

24 

- 

0.31 

4 

27 

0.46/0.22/0.62 

0.42 

25 

30 

0.56/0.32/0.62 

0.48 

25 
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The  principal  results  from  these  measurements  are:  the  plume  expansion  rates  at  1 8,  24,  27,  and  30 
km  altitude  increased  monotonically  with  altitude  in  agreement  with  the  general  trend  seen  emerging 
from  the  previous  measurements;  the  magnitudes  of  the  expansion  rates  are  consistent  with  those 
observed  in  the  previous  observation  for  the  respective  altitudes  and  within  the  deviations  of  the 
measurements.  The  plume  appeared  stationary  from  both  observation  sites,  which  is  consistent  with 
the  low  rawinsonde  velocities  measured  2.5  h  before  the  rocket  passed  through  the  stratosphere. 
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Appendix  7 — STS-91  Analysis 


The  STS-91  was  launched  from  Pad  39A  of  the  Kennedy  Space  Center  at  6:06:24  p.m.  EDT  (2206  Z) 
on  2  June  98  into  partly  cloudy  skies.  The  launch  was  viewed  from  camera  site  U 1 76L46,  which  is 
1 1 .3  km  south  and  3.2  km  east  of  Pad  39A  and  a  sandbar  on  Haulover  Canal  on  Cape  Canaveral  Air 
Station  (CCAS),  which  is  13.7  km  north  and  13.8  km  west  of  Pad  39A.  The  locations  of  Pad  39A 
and  the  camera  sites  are  shown  in  Figure  7-1. 


Figure  7-1 .  Scale  map  of  the  launch  pad  39A,  camera  positions,  ground  projection  of  STS- 
91  trajectory  and  viewing  vectors  at  the  three  altitudes  studied  for  both  the 
Haulover  Canal  and  U176L46  sites.  There  was  a  significant  change  in  the 
trajectory  over  the  period  of  the  7  min  launch  window  as  indicated  by  the  three 
trajectories  plotted.  STS91  followed  the  path  marked  OPEN. 
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The  approximate  vehicle  ground  track  and  the  ground  projection  of  the  observation  line-of-site  vec¬ 
tors  at  the  three  altitudes  studied  also  are  shown  to  scale  in  Figure  7- 1 .  Because  this  shuttle  flight 
was  launched  to  rendezvous  with  the  MIR  Space  Station,  there  was  a  significant  change  in  trajectory 
from  the  opening  to  the  closing  of  the  7  min  launch  window.  The  liftoff  took  place  near  the  opening 
of  the  launch  window  at  6:06  p.m.  EDT  instead  of  the  preferred  time  (6:09  p.m.  EDT)  in  order  to  get 
extra  hold  time  if  required  to  solve  last-minute  concerns  during  the  countdown. 

The  vehicle  attained  the  18-km  altitude  at  T  +  77  s,  24-km  altitude  at  T  +  88  s  and  the  30-km  altitude 
at  T  +  98  s.  There  was  a  20.5°  change  in  the  azimuth  between  the  18-km  altitude  position  and  the 
30-km  altitude  position  at  the  Haulover  site  and  a  12.7°  change  in  the  azimuth  between  these  two 
positions  at  the  U176L46  site.  The  change  in  elevation  was  5.5°  and  1°  between  the  17-  and  30-km 
altitudes  for  the  two  sites,  respectively.  The  angle  between  the  ground  projection  of  the  viewing 
vector  and  ground  projection  of  the  trajectory  at  the  24-km  altitude  was  52°  at  Haulover  and  37°  at 
U176L46  compared  to  an  ideal  orthogonal  viewing  angle  for  maximum  differentiation  of  the  differ¬ 
ent  altitude  positions  in  the  plume.  Thus,  the  Haulover  site  offered  substantially  better  separation 
among  the  altitudes.  Accordingly,  three  of  the  four  instruments  were  deployed  at  that  site.  One 
video  camera  was  placed  at  the  U176L46  site  in  case  the  view  of  the  plume  from  the  Haulover  site 
was  blocked  by  clouds. 

The  scattering  angles  of  the  sunlight  off  the  plume  segment  studied  were  calculated  and  are  shown  in 
Figure  7-2  for  the  main  Haulover  site  as  a  function  of  altitude  for  three  times  of  day.  At  launch,  just 
after  6:06  p.m.  EDT,  the  scattering  angle  is  below  90°,  and  polarization  is  not  useful  for  contrast 
enhancement  using  the  polarization  method.  Viewing  the  plume  at  infrared  wavelengths,  however, 
resulted  in  considerable  contrast  enhancement  over  that  seen  by  eye. 


Altitude  (km) 


Figure  7-2.  Scattering  angle  of  light  scattered  from  the  plume  for  three  differ¬ 
ent  times  as  viewed  from  Haulover  Canal.  Launch  time  was  6:06 
p.m.  EDT. 


72 


Rawinsonde  balloons  were  released  during  the  day  of  the  launch  and  provided  stratospheric  wind 
data.  Figure  7^3  shows  the  wind  data  available  closest  to  the  time  of  vehicle  launch.  This  rawinsonde 
balloon  was  released  at  2135  Zulu  and  rose  at  1000  ft/min,  reaching  stratospheric  altitudes  about  an 
hour  later  (2235  Z)  and  bursting  at  an  altitude  of  29  km  (95,000  ft).  STS-91  passed  through  the 
stratosphere  at  2207  Zulu,  less  than  a  half  an  hour  before  these  wind  data  were  taken.  As  seen,  the 
wind  is  predominately  from  the  east  showing  very  little  change  in  direction  in  the  20-29  km  altitude 
range.  The  wind  speed  varied  between  5  and  1 5  m/s  (0.3-0.9  km/min)  between  1 8  and  29  km. 

The  plume  widths  as  a  function  of  time  for  the  18-km  altitude  are  presented  graphically  in  Figure  7-4 
for  the  Haulover  camera  site.  At  this  altitude,  the  plume  expanded  uniformly  for  the  first  20  min 
until  the  edges  of  the  plume  moved  beyond  the  field-of-view  of  the  instrument.  Subsequently,  the 
instrument  was  adjusted  to  its  shortest  focal  length,  and  the  measurements  were  resumed  and  contin¬ 
ued  to  50  min  of  expansion,  the  longest  measurement  to  date.  The  15-min  gap  in  the  data  shown  in 
Figure  7-4  is  the  period  before  the  lens  was  readjusted.  The  plume  width  was  no  longer  measurable 
beyond  50  min  when  its  diameter  exceeded  the  field-of-view  of  the  lens  at  its  shortest  focal  length 
(8mm).  The  increase  in  plume  diameter  with  time  is  remarkably  linear  during  this  period  with  an 
value  of  0.989. 

Clouds  obscured  the  view  of  the  plume  for  higher  altitudes  at  this  site,  restricting  the  measurements 
to  about  10  min  at  24  km  and  9  min  at  30  km.  The  electronic  still  camera  measured  the  expansion  at 
both  24-  and  30-km  altitudes,  obtaining  values  of  0.41  and  0.46  km/min,  respectively  (see  Figures  7- 
5  and  7-6).  The  expansion  rate  was  also  nearly  constant  with  an  R^  value  of  0.988.  The  video  cam¬ 
era  measured  the  expansion  at  30  km  only  (see  Figure  7-7),  obtaining  an  expansion  rate  of  0.53 
km/min,  about  15%  higher  than  the  electronic  camera,  which  is  within  the  accuracy  of  the 
measurements. 


Figure  7-3.  Stratospheric  rawinsonde  wind  measurements  about  0.5  an  h  after 
STS-91  passage. 
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Figure  7-4.  Plume  width  as  a  function  of  expansion  time  from  Haulover  Canal 
taken  with  the  video  camera  assigned  to  observe  the  plume  at  an 
altitude  of  18  km. 


One  camera  at  the  U176L46  site  tracked  the  24-30  km  altitude  range.  The  24-km  altitude  section  of 
the  plume  was  quickly  blocked  from  view  by  a  portion  of  the  tropospheric  plume.  The  30-km  alti¬ 
tude  was  subsequently  blocked  at  about  3  min  of  expansion.  However,  the  stratospheric  plume  reap¬ 
peared  at  irregular  intervals  as  the  lower  plume  blew  rapidly  across  the  largely  stationary  (from  this 
viewing  angle)  stratospheric  plume  section  being  observed.  These  data  are  shown  in  Figure  7-8. 
Because  the  measured  plume  section  was  not  continuously  observable,  the  diameters  obtained  at  this 
site  for  this  altitude  are  less  certain  than  if  the  continuous  evolution  of  the  plume  were  followed.  For 
comparison  with  the  other  two  measurements  at  this  altitude,  the  short-term  rate  (0-12  min)  is  0.71 
km/min,  or  about  35%  higher  than  that  obtained  from  the  Haulover  site  for  this  altitude.  This  varia¬ 
tion  could  be  due  to  the  different  viewing  angle  (non-cylindrically  symmetric  expansion  rate),  or, 
more  likely,  differences  in  defining  the  edge  of  the  plume  due  to  different  atmospheric  conditions 
between  the  sites,  or  contrast  enhancement  techniques  (used  with  the  electronic  still  camera),  or  a 
combination  of  these  three  effects.  Experience  shows  that  expansion  rates  measured  for  short  time 
intervals  (or  sub-intervals  of  a  long  measurement)  can  vary  significantly  from  the  values  averaged 
for  long  time  intervals.  The  average  of  the  three  rates  for  the  first  10  min  is  0.57  km/min,  identical 
to  the  25-min  rate  measured  at  this  site. 
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Expansion  Time  (min) 

Figure  7-5,  Plume  width  at  an  altitude  of  24  km  as  a  function  of  expansion 
time  from  the  Haulover  camera  site  taken  with  the  electronic  still 
camera. 
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Expansion  Time  (min) 

Figure  7-6.  Plume  width  at  an  altitude  of  30  km  as  a  function  of  expansion 
time  from  the  Haulover  camera  site  taken  with  the  electronic  still 


camera. 


ProScan  Monitor 


The  composite  expansion  rates  measured  are  listed  in  Table  7-1 .  The  time  interval  in  minutes  for 
which  the  widths  were  measured  are  listed  next  to  the  expansion  rates.  The  principal  results  from 
these  measurements  are:  the  plume  expansion  rates  at  18, 24,  and  30  km  altitude  measured  increased 
monotonically  with  altitude,  in  agreement  with  the  general  trend  seen  from  the  previous  measure¬ 
ments;  and  the  magnitude  of  the  expansion  rates  are  consistent  with  those  observed  in  the  previous 
observation  for  the  respective  altitudes  and  within  the  deviations  of  the  previous  measurements.  The 
plume  motion  was  consistent  with  rawinsonde  velocities  of  approximately  10  m/s  measured  0.5  h 
after  the  rocket  passed  through  the  stratosphere. 

Table  7-1 — STS-91  Expansion  Rates 


Alt 

STS-91 

(km) 

(km/m) 

(min) 

18 

0.31 

50 

24 

0.41 

10 

30 

0.58 

25 
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TECHNOLOGY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  “architect-engineer”  for  national  security  programs,  specializing  in 
advanced  military  space  systems.  The  Corporation's  Technology  Operations  supports  the  effective  and  timely 
development  and  operation  of  national  security  systems  through  scientific  research  and  the  application  of  advanced 
technology.  Vital  to  the  success  of  the  Corporation  is  the  technical  staffs  wide-ranging  expertise  and  its  ability  to 
stay  abreast  of  new  technological  developments  and  program  support  issues  associated  with  rapidly  evolving  space 
systems.  Contributing  capabilities  are  provided  by  these  individual  organizations: 

Electronics  Technology  Center:  Microelectronics,  VLSI  reliability,  failure  analysis,  solid- 
state  device  physics,  compound  semiconductors,  radiation  effects,  infrared  and  CCD  detector 
devices,  data  storage  and  display  technologies;  lasers  and  electro-optics,  solid  state  laser  design, 
micro-optics,  optical  communications,  and  fiber  optic  sensors;  atomic  frequency  standards, 
applied  laser  spectroscopy,  laser  chemistry,  atmospheric  propagation  and  beam  control, 
LIDAR/LADAR  remote  sensing;  solar  cell  and  array  testing  and  evaluation,  battery  electro¬ 
chemistry,  battery  testing  and  evaluation. 

Mechanics  and  Materials  Technology  Center:  Evaluation  and  characterizations  of  new  mate¬ 
rials  and  processing  techniques:  metals,  alloys,  ceramics,  polymers,  thin  films,  and  composites; 
development  of  advanced  deposition  processes;  nondestructive  evaluation,  component  failure 
analysis  and  reliability;  structural  mechanics,  fracture  mechanics,  and  stress  corrosion;  analysis 
and  evaluation  of  materials  at  cryogenic  and  elevated  temperatures;  launch  vehicle  fluid 
mechanics,  heat  transfer  and  flight  dynamics;  aerothermodynamics;  chemical  and  electric  pro¬ 
pulsion;  environmental  chemistry;  combustion  processes;  space  environment  effects  on  materi¬ 
als,  hardening  and  vulnerability  assessment;  contamination,  thermal  and  structural  control; 
lubrication  and  surface  phenomena. 

Space  and  Environment  Technology  Center:  Magnetospheric,  auroral  and  cosmic  ray  phys¬ 
ics,  wave-particle  interactions,  magnetospheric  plasma  waves;  atmospheric  and  ionospheric 
physics,  density  and  composition  of  the  upper  atmosphere,  remote  sensing  using  atmospheric 
radiation;  solar  physics,  infrared  astronomy,  infrared  signature  analysis;  infrared  surveillance, 
imaging,  remote  sensing,  and  hyperspectral  imaging;  effects  of  solar  activity,  magnetic  storms 
and  nuclear  explosions  on  the  Earth’s  atmosphere,  ionosphere  and  magnetosphere;  effects  of 
electromagnetic  and  particulate  radiations  on  space  systems;  space  instrumentation,  design  fab¬ 
rication  and  test;  environmental  chemistry,  trace  detection;  atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions  and  radiative  signatures  of 
missile  plumes. 

Center  for  Microtechnology:  Microelectromechanical  systems  (MEMS)  for  space  applica¬ 
tions;  assessment  of  microtechnology  space  applications;  laser  micromachining;  laser-surface 
physical  and  chemical  interactions;  micropropulsion;  micro-  and  nanosatellite  mission  analy¬ 
sis;  intelligent  microinstruments  for  monitoring  space  and  launch  system  environments. 

Office  of  Spectral  Applications:  Multispectral  and  hyperspectral  sensor  development;  data 
analysis  and  algorithm  development;  applications  of  multispectral  and  hyperspectral  imagery  to 
defense,  civil  space,  commercial,  and  environmental  missions. 


